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Abstract
Over the last decade, plasmonic devices have seen considerable attention, and while
there has been significant scientific advancement for plasmonic devices in the laboratory,
there still are no industrially produced, high-tech devices which incorporate plasmonics
on the market. Industry is in need of robust characterization methods for the develop-
ment of near-field based devices en route to final product manufacturing lines as well as
stable plasmonic materials that can easily be integrated into existing complex process
flows. In this dissertation, original research that opens up doors for mass-produced
plasmonic devices is presented. Engineered characterization methods include the de-
velopment of a theoretical model for the prediction of scattering scanning near-field
optical microscopy behavior of plasmonic devices, the use of this near-field character-
ization technique together with scanning electron microscopy cathodoluminescence to
perform complete and convergent characterization of plasmonic excitation and coupled
near-field emission. Engineered materials are centered on plasma-enhanced atomic layer
deposited titanium nitride, discovering its chemistry and behavior under a variety of
conditions, and demonstrating its fabricability as both two dimensional etched struc-
tures and three dimensional coatings of complex shapes.
vi
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Chapter 1
Introduction
The term “Plasmonics” was coined as a term analogous to electronics and photonics
after the realization of early researchers that surface plasmons were capable of enabling
a new realm of devices, similar to electrons and photons previously.1,2 Surface plasmons
are electron density waves bound to the interface of a metal (or metal-like material) and
a dielectric, and they are induced by incoming resonant photons. Surface plasmons are
responsible for strong high-gradient electric fields that are particularly sensitive to their
surroundings. As a result, plasmonic devices have been engineered as circuits and inter-
device communications,3,4 precision light sources,5,6 biological and chemical sensing
and imaging,7–9 photovoltaics,10,11 and high density data storage.12,13 To date, much of
what plasmonics researchers have achieved has remained in scientific laboratories rather
fulfilling the early expectations of the commercial devices with roadblocks primarily
relating to materials and also to scalable deposition and characterization techniques.3,14
One pregnancy test remains the only mass-produced plasmonic device available on the
market today,15 with the hard disk drive industry still hoping to soon release its much
anticipated heat-assisted magnetic recording (HAMR) technology.
1.1 Need for Plasmonic Materials and Deposition Tech-
niques
Today’s frontier device technologies are dependent on high conductivity materials (usu-
ally elemental or alloyed metals), which suffer from thermal, chemical, or structural
1
2Figure 1.1: Materials concept. Synthetic metals offer the stability and fabricability
of ceramics that elemental or alloyed metals cannot offer.
instabilities and are difficult to pattern or deposit uniformly at technologically relevant
thicknesses and morphologies (below ∼10-20 nm and on three-dimensional shapes).
These limitations are especially relevant for plasmonic devices, which are dependent
on metals such as silver or gold.9,14 Synthetic metals are ceramic materials having
conductivity comparable to metals with increased stability and improved fabricability
(Figure 1.1), where fabricability is a qualitative term describing the degree to which a
material can be deposited and patterned as desired with suitable techniques. Titanium
nitride has shown the most promise and seen the most attention as a possible replace-
ment material in plasmonic devices designed for the visible and near infrared optical
frequencies.
HAMR is widely seen as a solution to significantly increase storage density. However,
thermal instability of a nanoscale gold plasmonic antenna is hampering the development
of this technology.16 The high temperatures required for HAMR cause diffusion in
the nanostructured gold antenna, which results in morphological changes rendering the
structure incapable of performing its function. Synthetic metals are an alternative
providing the necessary structural stability while still preserving plasmonic material
3properties. While titanium nitride has been suggested as a suitable solution, well-
established deposition techniques still pose many problems.
Industry is familiar with synthetic metals such as titanium nitride, which has long
been used as an adhesion layer and diffusion barrier in the complementary metal-oxide-
semiconductor (CMOS) industry.17 Titanium nitride is fabricated with chemical va-
por deposition (CVD) based techniques in which reactants are present concurrently
and therefore do not allow for precise thickness control, film conformality, or low sur-
face roughness.18 Recent development of synthetic metals has largely occurred within
the plasmonics research community where high quality films have been deposited with
sputtering.19 Both of these techniques often require temperatures in excess of 700◦C,
and sputtering requires crystalline lattice-matched substrates due to directional, epi-
taxial material growth.17,19 While the results are compelling, such requirements are
unattainable for large scale applications in which complicated lithography processes are
performed on inhomogeneous substrates. New CMOS and HAMR technologies require
fabrication below 400◦C and 200◦C, respectively, due to thermal limitations of previ-
ously deposited materials.20 Plasma enhanced atomic layer deposition (PEALD) is the
only technique capable of depositing ultrathin conformal synthetic metals at low tem-
peratures with relatively substrate independent properties.21 In addition, the thermal
conductivity of titanium nitride and other synthetic metals is too low to serve as a com-
plete replacement for gold in a HAMR hard drive. Instead, utilizing PEALD synthetic
metals allows the conformal coating of single (or few) nanometer “candy-coatings” of the
plasmonic metal in order to offer both the desired stability and the necessary thermal
conductivity of a scaled-up plasmonic nanoantenna.
1.2 Need for Characterization Techniques
In the recent decade, near-field characterization techniques have seen significant progress
and are capable of probing plasmonic antenna resonant fields with nanometer scale res-
olution.22–24 These near-field measurement techniques are advantageous to the devel-
opment of HAMR heads and can realize their full potential in combination with one
another. Bidirectional characterization of a prototype plasmonic antenna integrated
4into a heat assisted magnetic recording write head can be performed by both local ex-
citation (cathodoluminescence) using the focused electron beam of a scanning electron
microscope with far-field collection as well as by local mapping of the optical near-field
using scattering scanning near-field optical microscopy. Heat assisted magnetic record-
ing technology is the current best candidate for increasing magnetic information storage
density,12,13 and the presented bidirectional characterization of the performance of fully
integrated waveguide coupled plasmonic devices enables crucial metrological compar-
isons of as-fabricated device performance to as-modeled device expectations.
Scattering scanning near-field optical microscopy (sSNOM) enables optical imaging
and characterization of plasmonic devices with nanometer-scale resolution well below
the diffraction limit.24,25 This technique enables developers to probe and understand the
waveguide-coupled plasmonic antenna in as-fabricated HAMR heads. In order validate
and predict results and to extract information from experimental measurements that is
physically comparable to simulations, a model was developed to translate the simulated
electric field into expected near-field measurements using physical parameters specific
to sSNOM physics. The methods used prove that sSNOM can be used to determine
critical sub-diffraction-limited dimensions of optical field confinement, which is a crucial
metrology requirement for the future of nano-optics, semiconductor photonic devices,
and biological sensing where the near-field character of light is fundamental to device
operation.
1.3 Scope of this Dissertation
This dissertation covers original research aimed at bridging the gap between the scientific
advancement of plasmonics and plasmonic devices with the needs of industry in order
to successfully manufacture scaled-up and durable plasmonic devices. Through the
engineering of new synthetic metal-based plasmonic materials as well as the development
of characterization techniques, the possibility of developing mass-produced plasmonic
devices can be realized.
While this section introduces the general topic of this dissertation, each chapter has
its own self-contained and more specific introduction.
5• Chapter 2 presents the electromagnetic theory behind plasmonics, plasmonic ma-
terials, and the diffraction limit.
• Chapter 3 describes a technique for predicting scattering scanning near-field op-
tical microscopy behavior of mass-produced plasmonic devices.
• Chapter 4 demonstrates the value in bidirectional near-field characterization of
waveguide-coupled plasmonic devices.
• Chapter 5 explains plasma-enhanced atomic layer deposition and basic character-
ization of plasmonic titanium nitride.
• Chapter 6 describes the materials chemistry of atomic layer deposited titanium
nitride as revealed by experimental annealing.
• Chapter 7 demonstrates three dimensional conductive, photonic, and plasmonic
inverse opals made with atomic layer deposited titanium nitride.
• Chapter 8 shares a final discussion of the presented work in the dissertation with
direction for the future.
Chapter 2
Background Theoretical
Considerations
As background for the understanding of plasmonics (materials, antennas, HAMR), spec-
troscopic ellipsometry, and near-field characterization techniques, the relevant electro-
magnetic physics is outlined as well as a discussion on the diffraction limit of light in
optical imaging.
2.1 Maxwell’s Equations
Electromagnetic theory can be outline with a set of four equations commonly known as
Maxwell’s Equations. When no free charges or free currents are present, these equations
can be written:26–28
∇ ·D = 0
∇ ·B = 0
∇×E = −∂B
∂t
∇×H = ∂D
∂t
(2.1)
where D is the dielectric displacement, B is the magnetic flux density or magnetic
induction, E is the electric field, and H is the magnetic field. Furthermore, when
considering the properties of materials interacting with electric fields E and limiting
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7ourselves to linear and isotropic media, we can define a polarization P such that:
P = 0χeE (2.2)
where 0 is the permittivity of vacuum (0 = 8, 85 × 10−12 F/m), and in this case, χe
is the electric susceptibility. The polarization P is the per unit volume electric dipole
moment inside the material and can be related to the dielectric displacement through:
D = 0E + P = 0rE = 0(1 + χe)E (2.3)
where r is the relative permittivity or dielectric constant of the material. In reality,
materials are dispersive and so the dielectric constant becomes a frequency ω dependent
function: r(ω).
2.2 The Volume Plasmon
Simply stated, plasmons are light-induced electron oscillations. Describing the nature
of these oscillating electrons, like a free electron gas, can be done using mechanical
equations for a harmonic oscillator that is both driven and damped. The force F due
to the oscillating electron can be stated as:
F = −eE = mx¨ +mγx˙ (2.4)
where m is the electron mass, e is the electron charge, and γ is the oscillation damping
coefficient caused by the material (on the order of 100 THz). Since light is an electro-
magnetic wave and assuming harmonic time dependence, we can describe the driving
electric field E through the equation:
E(t) = E0e
−iωt (2.5)
Therefore, a particular solution to this differential equation for the position vector x
describing the electron motion would be: x(t) = x0e
−iωt. Solving for x0 leads to:
x0 =
e
m(ω2 + iγω)
E0 (2.6)
8and x(t) can be directly substituted into the macroscopic polarization P = −neex (ne
is the number of electrons) to yield:
P = − nee
2
m(ω2 + iγω)
E (2.7)
Substitution of Equation 2.7 into Equation 2.3 yields:
D = 0(1−
ω2p
ω2 + iγω
)E (2.8)
where ωp =
√
nee2
0m
is the plasma frequency of the free electron gas, which usually
occurs in the ultraviolet frequency range for materials relevant to this dissertation. The
resulting complex dielectric function is described by:
r(ω) = 1−
ω2p
ω2 + iγω
(2.9)
Description of a dielectric function by Equation 2.9 is known as the Drude Model;28–30
however, the Drude Model cannot adequately describe plasmonic materials such as gold,
silver, or titanium nitride for optical frequencies due to nearby (in frequency) interband
transitions. Therefore, a more complex oscillator model capable of accounting for a
given material resonant frequency (ω0) must be used:
F = −eE = mx¨ +mγx˙ +mω20x (2.10)
which yields a complex dielectric function of:
r(ω) = 1−
ω2p
ω2 + iγω − ω20
(2.11)
and is known as the Drude-Lorentz model.
For the high frequency limit (ω  ωp) in the free electron Drude model, → 1, which
does not accurately account for the high-frequency behavior of common plasmonic ma-
terials due to high residual polarization effects. Therefore, the “1” in Equations 2.9
and 2.11 should be replaced with the term ∞, which is the high-frequency dielectric
constant of the material and is usually (1 ≤ ∞ ≤ 10).28 The Drude-Lorentz model
9modified to include ∞ (Equation 5.1) was used to describe the spectroscopic ellipsom-
etry data from the atomic layer deposited titanium nitride material in this dissertation
Chapter 5.2.31–39
2.3 Plasmonic Materials
Surface plasmons exist at the interface of a conductive material and a dielectric. The
following theory has been included for the purpose of better understanding their na-
ture and the required properties of the conductive material in order to generate and
sustain propagating surface plasmons. Beginning again with the driving force as an
electromagnetic wave, we redefine Equation 2.5 to include propagation in space:
E(x, t) = E0e
ik·xe−iωt (2.12)
where k is the propagation constant in three dimensions and can be defined as k =
kxxˆ + kyyˆ + kzzˆ. In the case of an xy interface-bound surface plasmon wave generated
by a transverse magnetic wave (magnetic field along y direction) traveling in the x
direction, kx is the plasmon propagation constant, ky = 0, and kz is imaginary as the
electric field evanescently decays away from the interface (moving in the positive and
negative z direction). For this case and under appropriate boundary conditions, it can
be seen that:28
kd,z
km,z
= − d
m
kd,x = km,x
(2.13)
where d and m are for the dielectric and metal (or conductive metal-like) materials,
respectively. For the described condition, general statements about the two dielectric
functions can be stated: d > 0 and is real, m = 
′
m + i
′′
m, and |′m| > 0. Therefore,
a material exhibiting plasmonic properties can be defined by its dielectric function,
which should be complex, and the real part should be negative. A material capable
of strongly generating electron oscillations (′m is negative and large) without these
oscillations being strongly damped or material losses being too severe (′′m is small).
The quality or strength of the plasmonic properties of a material can be described by a
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figure of merit (FOM):
FOM = −
′
m
′′m
(2.14)
which will be discussed further in this section as well as Chapters 5.2, 6, and 7. Another
important parameter for plasmonic properties is the wavelength at which the material
becomes plasmonic (′m becomes negative). This parameter is referred to as the plasmon
wavelength λp. It is worth noting that λp is not directly related to the bulk plasmon
frequency ωp.
2.3.1 Plasmonic Metals
Common plasmonic metals include gold, silver, copper, and aluminum (Figure 2.1).9
While the real part of aluminum’s dielectric function is negative and very large, its
imaginary part is also rather large and prevents it from supporting plasmons well for
visible frequencies and applications; however, aluminum is an advantageous plasmonic
material for applications in the ultraviolet, which includes direct enhancement of biolog-
ical fluorescence signatures.40,41 Of all the plasmonic materials, silver has the highest
FOM for the visible and near infrared frequencies; however, silver is also well known for
oxidizing (an issue for aluminum and copper, too) and sulfidizing, rendering it incapable
sustaining plasmonic performance over the long term for applications involving open air,
chemical, or biological environments.9 For this reason, gold has been the standard for
plasmonic devices operating in the visible. In addition, nanostructured metal materials
are known to be thermally and mechanically unstable and are creating significant chal-
lenges for the HDD industry, which is using a plasmonic antenna as a heater.16,42 These
problems have triggered academics and industry personel alike to research alternative
plasmonic materials, which include metal alloys, transparent conducting oxides, and
transition metal nitrides (synthetic metals).9,14,16,43–46 For applications in the visible
and near infrared, synthetic metals such as titanium nitride have been recognized to
have the most promise for the realization of stable plasmonic devices.46
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Figure 2.1: Dielectric function of plasmonic metals.9 Aluminum is advantageous
for applications in the ultraviolet, but cannot strongly support plasmons in the visible
and near infrared. In contrast, gold and silver have strong plasmonic properties in the
visible and near infrared, with gold used more often for applications due to its chemical
stability.
2.3.2 Titanium Nitride
Of the possible plasmonic synthetic metals, titanium nitride has seen the most at-
tention, although most work has relied on deposition techniques that are industry in-
compatible19,47–53 or employ the plasmonic synthetic metal as a bulk material.54 Un-
fortunately, for many plasmonic applications (or desired wavelengths), including the
scale-up of technologies like HAMR, the bulk plasmonic synthetic metals do not exhibit
high enough FOMs (or thermal conductivities) to provide the necessary resonant en-
hancements or coupling efficiencies.54,55 For instance, plasmonic metals such as gold
and silver (λp <300 nm and 350 nm, respectively) have FOMs at 830 nm (the HAMR
operation wavelength) ∼13 and ≥50, respectively.9,56 In contrast, the highest FOM
titanium nitride film (of unknown but presumably large thickness, i.e. optically thick
at &100 nm) reported exhibited λp ∼460-470 nm and FOM at 830 nm ∼4.6.47 This
information is also presented in Table 2.1.
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Material λp (nm) FOM @ 830 nm
gold <300 ∼13
silver <350 ≥50
titanium nitride 460-470 4.6
Table 2.1: Material plasmonic properties. Gold and silver are strong plasmonic
materials in the visible and near-infrared9,56 whereas the best titanium exhibits signif-
icantly lower, although still useful plasmonic properties.47
Instead, applying an ultrathin (<10 nm, but more like 2-5 nm) coating of titanium
nitride or other synthetic metal as a conformal coating around a metallic plasmonic
structure offers the desired thermal,57 chemical, and mechanical58–60 protection with-
out giving up the necessary plasmonic and thermal properties. In general, because
plasmonic devices operate using evanescent waves that decay exponentially away from
their surfaces, maintaining the plasmonic surface properties is essential. For instance,
applications such as HAMR and surface enhanced Raman spectroscopy both require
operation at distances ∼3 nm from the surface.61 While coating plasmonic materials in
traditional oxides (i.e. silica, alumina, titania, etc.) may provide additional stability,
significant advantages to device operation are gained when the coating material also
exhibits plasmonic properties.
2.4 Nanofocusing
The diffraction limit:62
d =
λ
2nsin(θ)
(2.15)
was first defined by Abbe as the maximum resolution possible for a microscope using
light of wavelength λ propagating through a medium with refractive index n and col-
lected by an objective with an opening angle θ. Effectively, using traditional optics or
imaging methods, it is not possible to confine light or gather an image with resolution
better than ∼ λ/2. However, using evanescent waves and surface plasmons, it becomes
possible to confine an electromagnetic field in a region smaller than what is traditionally
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allowed by the diffraction limit. Both metal-insulator-metal (MIM) and insulator-metal-
insulator (IMI) waveguides have been shown to demonstrate surface plasmons confined
at the surface.28,63
The condition that is the most intriguing and relevant to this dissertation is the case
of a plasmonic antenna designed as a tapered IMI waveguide. In this case, generated
surface plasmons propagate toward the tip or pointed end of the tapered waveguide.
Depending on the polarization of the driving electromagnetic wave, both asymmetric
and symmetric waveguide modes are possible (Figure 2.2). For light polarized perpen-
dicular to the waveguide propagation direction, an asymmetric mode (where the free
electron density oscillations are asymmetric) is created, which propagates down the ta-
pered waveguide, and as the metal thickness → 0, the propagating plasmon converts
back into free space propagating light. In contrast, when the driving electromagnetic
wave is polarized along the waveguide propagation direction, the free electron density
oscillations are symmetric and their propagation towards the waveguide end results in a
high field concentration that is evanescent in nature (and therefore unable to propagate
into the far-field). In fact, for an infinitesimally small tip point, the propagating plas-
mons approach the end logarithmically and the field diverges to infinity.64 This effect
is known as “nanofocusing” or the “lightning rod effect.”64,65
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Figure 2.2: Nanofocusing. An electric field polarized perpendicular to the antenna
shaft exhibits charge asymmetry in the metallic region and a propagating plane wave is
reemitted. In contrast, for an electric field polarized along the shaft of the antenna, there
is charge symmetry. As the antenna narrows to a point, the charge density becomes
large, and the field is “nanofocused” resulting in a high field gradient at the point, which
radiates in the forward direction as an evanescent wave.
Using nanofocusing, visible or near infrared wavelength light can be confined to a
spot size of 10s of nanometers. The gold plasmonic antenna used in HAMR utilizes this
phenomenon in order to confine 830 nm laser light into a ∼30-50 nm high intensity and
high gradient evanescent field that is responsible for heating the magnetic media and
enabling the (magnetic) polarization change required for data storage.
Chapter 3
Predicting Scattering Scanning
Near-field Optical Microscopy of
Mass-produced Plasmonic
Devices
Todays optic, photonic, and plasmonic devices incorporate light into nanoscale devices
that enable diverse new functionality for chemical or biological sensing and imaging,7
precision light sources,6,66,67 silicon photonics-based communications and signal pro-
cessing,68 and data storage.12,13 These devices are often critically dependent on the
behavior of light well below the diffraction limit, and therefore require robust near-field
characterization techniques, linked with numerical predictions and validations, to design
and fabricate functioning devices. This requirement becomes even more essential when
such devices are to be manufactured in massive quantities that require process quality
control. In fact, future hard disk drives (HDDs) will rely on near-field optical heaters for
data storage, and the successful development and production of novel HDD magneto-
optical write heads is largely contingent on the ability to reliably predict and validate
the near-field behavior of as fabricated devices by direct experimental characterization.
The technical improvements to scattering scanning near-field optical microscopy that
we have developed for HDD write head optical antenna characterization are potentially
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extensible and beneficial to any field of study involving the direct optical measurement
of photonic modes arising in proximity to nanoscale features.
3.1 Heat-assisted Magnetic Recording Background
Despite alternative technology developments, most of the world’s increasing data storage
demands are still satisfied by HDDs. To improve efficiency, the HDD industry has en-
countered and worked to overcome fundamental limitations preventing the further areal
density growth on a disk of magnetic material.12,13,42,69,70 Currently used magnetic
media cannot support smaller bit sizes (known as the superparamagnetic limit, smaller
bits are less stable), but magnetically harder media has proven too difficult to write
(alter magnetization) using traditional magnetic write head strengths/capabilities. In
order for data to be recorded into this media, a local spot on the disk with dimensions
of the desired bit size (10s of nanometers) must be heated close to its Curie temperature
resulting in a significant drop of its magnetic coercivity, thus allowing the magnetic po-
larization to be switched under the applied field. The chosen method for locally heating
the magnetic media in under-development devices is a plasmonic antenna, which focuses
far-field optical light into high-intensity and rapidly decaying near-field optical energy,
which is directed onto the recording medium (Figure 3.1a). The high-intensity near-
field energy is capable of heating the magnetic media (only a few nanometers away) to
the desired temperature while the rapid decay of the evanescent field ensures that the
thermal gradient in the media is large so the resulting bit size is comparable to the size
of the antenna and its near-field “spot.” During drive operation the media is a fast-
rotating disk, and as the disk rotates, the magnetic grains in the heated spot experience
an applied magnetic field from the write pole, thereby switching their magnetization.
Upon further disk rotation, the recorded bit is removed from the near-field hot spot,
cools, and the magnetization is therefore “frozen” into the media. This technology is
known as heat-assisted magnetic recording (HAMR), and it is capable of achieving the
desired smaller bit sizes and higher areal densities.12,13
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Figure 3.1: Experimental layout. (a) A side profile schematic of a HAMR head
including the waveguide-coupled laser source which illuminates a plasmonic antenna
located on the air-bearing surface (ABS). During operation, the ABS and plasmonic
antenna are positioned only a few nanometers from the media surface. (b) Side profile
schematic of the scattering scanning near-field optical microscopy (sSNOM) system
showing the methods of illumination with an 830 nm laser and detection of silicon atomic
force microscopy (AFM) tip-scattered near-field light with an avalanche photodiode
(APD) and lock-in amplifier.
Designing, developing, and fabricating the HAMR technology has numerous chal-
lenges associated with the newly integrated laser, photonic, and plasmonic elements
in addition to the magnetic elements already present. While electromagnetic simula-
tions are immensely powerful and able to guide design and predict results, experimental
characterization techniques are necessary to verify modeling results when compared to
empirical observations of as-fabricated devices, which can be subjected to many varia-
tions, and to determine failure mechanisms. In HAMR, the introduction of a plasmonic
antenna generating a deep subwavelength near-field spot calls for a characterization
technique capable of investigating the properties and consistency of this crucial feature
of the HAMR heads performance. Former work has demonstrated scattering scanning
near-field optical microscopy (sSNOM) to be a top candidate for this task.24,25,42,71–76
3.2 sSNOM Background
SNOM was originally developed as a probe system with an aperture in a diaphragm,77,78
which later was traded for a tapered optical fiber coated with metal such as gold, silver,
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or aluminum.79–81 Propagating far-field light inside the fiber is converted to near-field
radiation by the angled metal coating and then illuminates the sample. This probe also
serves to convert the sample-interacted near-field back into propagating far-field light,
which would be observed back through the optical fiber. However, the resolution limit
of apertured SNOM is determined by the dimensions of the aperture and the excita-
tion wavelength so that as the aperture shrinks, the amount of electromagnetic energy
coupled through the aperture and transmitted to the far-field falls off precipitously ac-
cording to the Bethe limit (∝ a6/λ2).82 (Bethes analytical near-the-hole solutions were
later corrected by Bouwkamp,83 and a modern discussion is provided by Novotny et
al.84) As a result, for small aperture sizes, the near-field signal accessible using an
aperture probe falls below the background and noise thresholds for the technique, thus
limiting resolution of apertured SNOM to 50 nm for visible or near-infrared light. Be-
cause the HAMR plasmonic antennas are generally smaller than this size, a technique
offering better resolution is necessary.
In sSNOM, the resolution of the SNOM technique is increased by incorporating an
atomic force microscopy (AFM) scan probe tip that scatters, rather than transmits,
the near-field light into the far-field, thus causing the sharpness of the AFM probe to
determine the resolution rather than the size of the aperture and the wavelength.85–88
For sub-ten-nanometer tip radii, the scattering cross-section of light is still more than
sufficient to beat the signal-to-noise and signal-to-background limits when using a lock-
in amplifier to detect the light scattered from the tip.25 In the case of metallic or
metal-coated tips, the tip both generates the probing near-field (through the “lightning
rod” or “nanofocusing” effect)64,65 and performs the function of a dipole scatterer by
converting the sample-interacted near-field radiation back into far-field light that can
be collected by an objective.86–88 However, for HAMR plasmonic antennas (as well
as for other general plasmonic structures), the near-field is generated by the sample
(excited by an external source), and so tips with minimal signal disruption while still
maintaining high scattering cross-sections are desired.24 In this work, uncoated silicon
tips with a typical radius of 5-15 nm and optically accessible tip apexes were used (see
methods in Appendix A.1).
Given the large amount of background scattered light that is generally present in
sSNOM measurements, the signal specific to the tip apex can be extracted through the
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use of a lock-in amplifier tuned to the fundamental and higher harmonics of the AFM
tip cantilevers resonant oscillation frequency.25,89 Prior work has demonstrated that
the lower order harmonics include both the propagating and evanescent components
of the scattered light, while the higher order harmonics have a stronger dependence
on the near-field strength and hence contain higher contrast near-field information.25
The sSNOM system used to measure the HAMR plasmonic antennas (Figure 3.1b) in
this work uses this lock-in driven technique and is capable of capturing up to three
harmonics simultaneously during AFM measurements (Figure 3.2).
Figure 3.2: sSNOM experimental output. Plasmonic antenna AFM image together
with near-field harmonic mappings collected from the first six harmonics of the AFM tip
cantilever resonant frequency. The AFM image as well as the first three harmonics were
collected simultaneously while the next three were collected in a second set of scans.
Maps are 400 nm × 400 nm.
3.3 Predicting sSNOM behavior of mass-produced plas-
monic devices
In order to use sSNOM to guide the design and development of HAMR devices, we
developed a model to map the electric field data from electromagnetic simulations into
the expected harmonic mappings generated by the sSNOM system. The first stage
began with a few general approximations. It was assumed that the position of the
AFM tip varied sinusoidally in time with the resonant frequency of the cantilever (z ∝
sin(ω0t)), that the evanescent electric field followed an exponential decay with increasing
distance from sample surface z (E ∝ e−z), and that the scattering was proportional to
intensity (σ ∝ E2). As expected, the model yields maximum scattering intensity when
the tip is closest to the surface (Figure 3.3a, here ω0 = 300 kHz), and a fast Fourier
transform (FFT) of the scattered field yields harmonics that decay exponentially in
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intensity with increasing order. Using the sSNOM system and oscilloscope capabilities
of the lock-in amplifier software, a scattering signal similar in shape to that of the simple
evanescent approximation was observed when the tip was hovered (oscillating) over the
center feature of the plasmonic antenna containing the most intense near-field signal
(Figure 3.3c). Despite the noise present in this data, a numerical FFT still reveals
several harmonics (Figure 3.3d). It is worth noting that this FFT is performed through
numerical analysis of the captured time-domain oscilloscope trace, not by the lock-in
amplifier hardware. The lock-in harmonic acquisition during imaging was performed
with sufficiently long time constants in order to improve the signal-to-noise ratio in the
higher harmonics significantly above the threshold apparent in this post-processed FFT
trace.
Figure 3.3: Examining approximations for the measured harmonics. Compar-
ison of (a,c,e) scattering signal and (b,d,f) harmonics derived from the fast Fourier
transform of the corresponding scattering signal for three situations: (a,b) general ap-
proximation where the tip height (z) above the ABS varies sinsoidally in time with
frequency ω0 and the electric field (E) decays exponentially with z, (c,d) measurements
from the sSNOM system with the tip positioned over the plasmonic antenna, and (e,f)
modeled scenarios as calculated using simulated electric field data and accounting for
the tips effects.
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Because the sSNOM system and HAMR devices are considerably more complex
than the simple evanescent model, further improvements to the model were made to
better match experimental conditions. To substitute for the simple evanescent electric
field assumption (E ∝ e−z), data from electromagnetic simulations were introduced
to account for the actual field expected for the as-designed dimensions of the HAMR
plasmonic antenna. The tip-sample interaction was then accounted for in two stages.
The first stage weights each 1 nm × 1 nm z-column (where the column is aligned normal
to the surface of the sample) of simulated electric field data by a scattering parameter
σ:75,88,90,91
EsSNOM = σEmodel (3.1)
which yields the scattering parameter adjusted electric field. The scattering parameter
σ is derived from a spherical probe and image dipole interaction and is defined by the
following set of equations:77,86,88
σ = αeff
pi
√
8pi
3
λ2
αeff =
α(1 + β)
1− αβ
16pi(a+z)2
α = 4pia3
t − 1
t + 2
β =
s − 1
s + 1
(3.2)
where αeff is the effective polarizability of the tip-sample combination, α is the polariz-
ability of the silicon tip (approximated here as a sphere), λ is the free space wavelength
of the incident light, and t and s are the complex dielectric functions of the tip and
sample, respectively. s was allowed to vary based on the material (either gold, oxide,
or magnetic material) located directly below the z-column being computed.
After applying the scattering transformation to the electric field, the second stage
accounted for the shape of the tip. Planar slices of the resulting weighted electric field
parallel to the air-bearing surface (ABS), which is the surface facing the rotating mag-
netic media containing the plasmonic antenna (in the xy plane), were serially convolved
with two matrices with each representing different components of the shape of the AFM
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Figure 3.4: TEM images of AFM tips. A transmission electron microscopy (TEM)
image of (a) a better-than-average 5 nm radius tip and (b) an average 10 nm tip,
both coated with material (likely from the head) after scanning. Scale bars 5 nm and
10 nm, respectively.
tip. One matrix was designed as a cone to represent the shape of the tips shaft, and
the other matrix was designed as a top-hat to represent the shape of the end of the tip.
After these convolutions, for a 1 nm × 1 nm z-column positioned directly above the
plasmonic antenna, it can be seen that the modeled time-dependent scattered field (Fig-
ure 3.3e) more closely matches the shape of the measured scattered field of the sSNOM
signal (Figure 3.3c) than does the scattered field resulting from the simple evanescent
model (Figure 3.3a). Similarly, a FFT of this modeled sSNOM signal (Figure 3.3f)
mimics the behavior of the measured signal from the lock-in amplifier (Figure 3.3d)
yielding smooth harmonic spikes, and when performed over the entire xy plane, yields
the desired modeled near-field harmonic mappings.
3.3.1 Effects of the AFM Tip’s Shape
Development of the sSNOM model required further investigation of the AFM tips local
shape interacting with the high-intensity near-field. Based on manufacturer specifica-
tions, our experience, and previous transmission electron microscopy (TEM) images,
it was assumed that most tips used in these experiments contained a 5-15 nm radius,
where the sharper tips (5 nm radius, Figure 3.4a) gave a sSNOM signal with better
resolution than average (10 nm radius, Figure 3.4b) or blunter (>15 nm radius) tips.
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Figure 3.5: Tip radius effects. Near-field maps of the modeled system as a function of
tip radius and harmonic assuming the silicon portion of the tip has a distance of closest
approach (DCA) to the sample of 8 nm. Near-field maps are 400 nm × 400 nm.
Furthermore, TEMs of tips imaged post-scanning revealed several nanometers of ma-
terial built up on the tip, including in the region separating the silicon tip from the
sample. Therefore, the corresponding change in tip-sample separation was accounted
for in the sSNOM model in addition to the tips radius. The TEM images also revealed
the angled nature of the used tips shaft as well as the flat top-hat nature of its end.
Both the shape of the tips shaft as well as its end were incorporated into the sSNOM
model through the two convolution matrices described above. The shaft was approxi-
mated as a cone with a half-angle of 9◦, and the tip end was approximated as a top-hat
(step function in cylindrical coordinates) with variable radius. Radii of 5, 10, and 15 nm
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represented the range of usual tips while radii of 20 and 40 nm represented more extreme
cases of blunt tips (Figure 3.5c). Based on the developed sSNOM model and previous
experience with these tips, a radius of 15 nm was used in the model for correlation with
the experimental data. Further improvement of the model is possible through the use of
a three-dimensional volumetric convolution, rather than two-dimensional planar convo-
lution used in this work, of the conical tip shaft matrix (including the tips angled rather
than vertical approach) with the scattered field, which is expected to more accurately
model the physical configuration and may increase the far-field contribution to the ω0.
3.3.2 Effects of the AFM Tip’s Distance of Closest Approach
Figure 3.6: Modeled near-field data as a function of distance of closest ap-
proach (DCA) and harmonic assuming a 15 nm tip radius. (a) At the tip
cantilevers resonant frequency ω0. (b) At 6ω0. Near-field maps are 400 nm × 400 nm.
See Figure B.1 for all harmonics.
25
Further investigation of the mechanical AFM behavior of the sSNOM system was per-
formed in order to determine the tips distance of closest approach (DCA) to the sample.
In the sSNOM model, the DCA value was set as the minimum z height (and cutoff)
for the FFTs of the scattered signal. It was found that the chosen DCA had a signifi-
cant effect on the sSNOM models results (Figure 3.6). A smaller DCA (tip approaches
much closer to the ABS) incorporates much more of the dominant near-field signal (as
opposed to the weaker far-field signal) into the FFT, which becomes evident in the
harmonic maps for the fundamental frequency (ω0, Figure 3.6a) when compared with
the higher 6ω0 frequency (Figure 3.6b). Maximum intensity plots are also included for
all investigated harmonics and DCA values in Figure 3.7 and B.2. A complete set of
harmonics can be found in Appendix B.1.1.
Figure 3.7: Maximum intensity vs. DCA and harmonic. The decay relationship
of the maximum intensity of each mapping as a function of both DCA height and
harmonic. Faster decay is observed for higher DCAs as well as for higher harmonics.
Estimation of tip DCA was also performed with a mechanical model of tapping mode
AFM, which solves the equation of motion for the cantilever numerically as it encounters
tip-sample forces modeled to include van der Waals attraction, capillary adhesion due
to a water layer, and Pauli hard sphere repulsion.92 When inputting the tip radius, free
amplitude, and amplitude setpoint, and using the measured phase signal as a check for
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accuracy, the model shows that the cantilever was oscillating in the repulsive regime
indicating that the tip approaches the surface very closely and experiences repulsive
contact with the sample at the bottom of most oscillations.
3.3.3 Final Model Results
Accounting for the thickness of material collected by the tips during scans (∼5 nm in
Figure 3.4) as well as other complex effects due to the water meniscus between the tip
and the sample surface,92,93 and comparing the experimentally measured data with the
sSNOM models results, a DCA of 8 nm was chosen together with a tip radius of 15
nm to represent the best fit of the sSNOM model to the experimental measurements
and expectations. A “good fit” between the harmonic maps generated by the sSNOM
model and the experimental data was established when a bifurcated near-field signal was
observed in the higher order harmonics (5ω0, 6ω0) but not in the lower order harmonics
(1− 3ω0). The visible near-field bifurcation requirement for the higher harmonics ruled
out the possibility of the experimental tip having a radius of 20 nm or larger since
no bifurcation was evident, even in the 6ω0 (Figure B.4), when the chosen distance of
closest approach was 1 nm (the closest possible in the present model). In addition, good
qualitative agreement between the experimental and modeled near-field maps using
smaller tip radii (<15 nm) required DCA values exceeding expectations and so were
ruled out by the AFM mechanical model (Figures B.6-B.9). Since the sSNOM models
results show significant dependence on the DCA, incorporating simulated electric field
data with topographic sensitivity (the presented simulations assumed a planar surface)
would more closely match the experimental conditions revealed by the recessed nature
of the waveguide relative to the antenna seen in the AFM image and could improve the
model.
Slices of the simulated electric field intensity at different heights of interest (Figure
3.8a, with further details included in Appendix B.1.5) are compared to the corresponding
harmonics from the sSNOM model results using a tip radius of 15 nm and a DCA of
8 nm (Figure 3.8b) and the experimentally measured harmonic maps (Figure 3.8c).
From this comparison, it can be seen that higher harmonics, such as 5ω0 and 6ω0,
are more representative of the near-field in the region that would be occupied by the
magnetic media during drive operation than their lower order harmonic counterparts.
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The nature of the higher order harmonics in which this relationship was found signified
the prescribed rapid change in near-field intensity closer to the plasmonic antenna.
Figure 3.8: Final result of model derived from simulated data and compared
to measured data. Comparison of a. simulated electric field intensity, b. modeled
near-field images, and c. sSNOM measured near-field images. All maps are 400 nm ×
400 nm.
The strange behavior exhibited by the measured 4ω0 was likely caused by a non-
sinusoidal feature at the bottom of the tips oscillation due the tips possible contact with
and/or repulsion by the sample surface during its motion. The non-sinusoidal motion of
the tip was not accounted for in the present sSNOM model, but it could be introduced
upon further mechanical characterization of the sSNOM-tip system and its interaction
with the sample. An introduction of a sharp change in the peak scattering would surely
become evident in one or more of the higher order harmonics in the presence of non-
sinusoidal tip oscillation. In the case of this experiment, this feature was found in the
4ω0, and it is also expected to have been present in the 8ω0, etc. This observation
as well as the AFM mechanical model results and the flat nature of the post-scanning
tips suggests that the scan parameters cause significant tip interaction with the sample
likely leading to the tips top-hat shape. Scan parameters for typical non-contact tip
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operation involve small oscillation amplitudes that fail to sweep sufficient evanescent
field variation and are not capable of performing the desired full characterization of the
plasmonic antennas near-field. For this reason, large oscillation amplitudes were used
that resulted in greater tip-sample interactions.
In conclusion, sSNOM is a useful technique capable of characterizing HAMR heads
for next-generation hard disk drives. The development of a sSNOM model to translate
from simulated electric field data was necessary in order to derive meaning from the
measured near-field harmonics. Furthermore, the same model approach can be applied
to other plasmonic structures across many disciplines and applications.
Chapter 4
Bidirectional characterization of
waveguide-coupled plasmonic
antennas by near-field excitation
and mapping
Frontier devices are incorporating light at nanoscale dimensions and require new meth-
ods of characterization for device development and optimization. For example, coupling
behavior between laser diodes, photonic waveguides, and plasmonic structures needs
further rigorous academic study. Nevertheless, this behavior is critical to the func-
tioning of next-generation hard disk drives (HDDs), which remain the primary storage
mechanism for the worlds increasing data storage needs (i.e. “the cloud”). Performing
complementary and bidirectional optical characterization is a powerful strategy to more
fully understand the mechanisms and behavior of photonic waveguides coupled with
plasmonic antennas. When illuminated with resonant far-field laser light, plasmonic
antennas can generate intense and deeply sub-wavelength evanescent near-fields. These
plasmonic devices can also be characterized in reverse by exciting plasmonic antennas
with focused electron beams, which generate local sub-wavelength optical excitations
through cathodoluminescence (CL) that are coupled out to the far-field. Bidirectional
observation of waveguide-couple plasmonic antennas can offer unique insight into device
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function and performance.
4.1 Bidirectional Characterization
As discussed in Chapter 3.1, heat assisted magnetic recording (HAMR, Figure 4.1a,
B.13b) has been identified as the best solution to overcome the superparamagnetic
limit, which dictates the magnetic media coercivity necessary to record thermally sta-
ble data “bits” of a given size. The available write field strength limits storage den-
sity.12,13,42,69,70 Smaller bits require magnetically “stiff” media whose polarization
cannot be flipped with the magnet in a traditional perpendicular magnetic recording
head (Figure B.13a) without assistance. HAMR incorporates a plasmonic antenna that
acts as a local heater of the magnetic media by coupling energy from far-field laser light
into near-field radiation.12,13,42 This high-gradient optical field heats a tight spot on
the magnetic media close to its Curie temperature significantly reducing its coercivity
and enabling its polarization to be written by the recording head. Since the drive’s
performance and the size of the recorded bit is now determined by the plasmonic an-
tenna (Figure 4.1b), the success of the technology requires a good understanding of the
antenna and waveguide coupling mechanism. Appropriate characterization techniques
must be employed to investigate as-fabricated recording heads containing plasmonic
antennas as well as their waveguide couplers. Scanning electron microscopy cathodolu-
minescence (SEM-CL, Figure 4.1c) and scattering scanning near-field optical microscopy
(sSNOM, Figure 4.1d) were used to perform this bidirectional near-field characterization
of waveguide-coupled plasmonic antennas in HAMR heads.
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Figure 4.1: Schematics for bidirectional near-field characterization. (a) side
profile of a heat-assisted magnetic recording head (LD: laser diode, ABS: air-bearing
surface), which incorporates a (b) waveguide-coupled plasmonic antenna. Bidirec-
tional near-field characterization was performed using (c) scanning electron microscopy
cathodoluminescence and (d) scattering scanning near-field optical microscopy.
4.2 Scanning Electron Microscopy Cathodoluminescence
Cathodoluminescence (CL) occurs when electrons incident on a material cause the emis-
sion of photons through material-dependent coherent (plasmons) or incoherent (minority
carrier generation and recombination, color center excitation) processes.22,23 The re-
sulting CL photons can be spatially mapped and spectroscopically analyzed with SEM.
Hyperspectral maps of nanostructured optical response of the sample can be obtained
with resolution approaching 10 nm. SEM-CL has been used to generate plasmon reso-
nance maps of metallic nanostructures,94–98 and in this work it was used to probe the
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response of the waveguide-coupled plasmonic antenna incorporated into a prototype
HAMR head. While the electrons have easy access to the plasmonic antenna located
at the top of the head on the air-bearing surface (ABS), full characterization of the
head’s optical system requires collection of the CL photons at the output of the head’s
integrated waveguide.
Samples containing multiple HAMR heads were mounted above an optical collec-
tion fiber (Figure B.14) in a custom holder (Figure B.15). The CL photons output
from the fiber were then coupled either to a spectrometer and CCD camera or to a
photon-counting APD (avalanche photo-diode) with a band-pass filter as the electrons
were raster scanned over the antenna region (Figure B.16). Intensity mappings were
generated by integrating the signal over 20 nm wavelength windows to better observe
the head’s (antenna’s) resonant behavior as a function of output wavelength. Near 625
nm (Figure 4.2a), the right side at the top metal face of the E-shaped antenna exhibits
the strongest resonance. With increasing wavelength, a resonance begins to appear at
the “notch” region (center of the “E”) as the side resonance begins to disappear (Figure
4.2b, B.17). Near 750 nm (Figure 4.2c), the output CL photons are localized to only
the notch region.
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Figure 4.2: CL analysis as performed inside a scanning electron microscope.
(a-c) Full field intensity maps were collected over the antenna region for discrete and
narrow (20 nm) wavelength windows revealing the spatial location of the resonances
on the air-bearing surface. (Additional maps for other wavelengths can be found in
Figure B.17.) E-antenna notch width ∼50 nm. Based on these maps, (d) three distinct
and different points on the air-bearing surface surrounding the plasmonic antenna were
chosen and (e) full spectra were compared with modeling.
Complete spectra shown in Figure 4.2e were collected from three regions of interest
marked in Figure 4.2d: 1. Approximately 100 nm above the center of the “E” notch (a
low CL intensity reference), 2. The region to the right of the notch overlapping with the
waveguide (resonant near 625 nm), and 3. The notch region, which localizes the optical
field for heating the magnetic media (resonant near 665-760 nm, Figure B.17). The
antenna is designed to be resonant at 830 nm during drive operation, but this resonance
is blue-shifted when no magnetic media is present. Features in the spectra (Figure 4.2e)
can be attributed to three sources. First, the plasmonic resonance is evident as the
broad feature matching the modeled profiles. Second, the sharp peaks near 650 nm are
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due to the well-known luminescence of oxygen-rich SiO2.
99 Finally, the lower wavelength
bumps are likely due to wavelength-dependent cavity effects from the waveguide itself.
The results of wavelength and polarization-dependent electromagnetic simulations
of field intensity at the disk height when the antenna is excited through the integrated
waveguide are shown for region (3) at the bottom of Figure 4.2e. The waveguide-antenna
system was engineered to focus parallel-polarized light (relative to the notch) to position
(3) at resonance, while perpendicular-polarized light is neither focused nor resonantly
enhanced at the notch region but does exhibit a delocalized mode spread throughout the
stem of the E.64,65 The CL collection system using the multimode fiber (Figure B.14)
did not preserve the polarization of the transmitted light, but it is believed that the
general agreement between the shape of the CL spectra in region (3) with the parallel
simulation is consistent with CL excitation of the plasmonic resonance. The spectra of
region (2) may be due to excitation of the delocalized perpendicular waveguide mode
combined with luminescence from the SiO2, while region (1) does not couple well to the
waveguide modes. The experimental system could be improved through the use of a
polarization-maintaining optical fiber for collection.
4.3 Scattering Scanning Near-field Optical Microscopy
Scattering scanning near-field optical microscopy (sSNOM) was used to directly map
the near-field intensity distribution of the HAMR device close to the ABS as a function
of the waveguide excitation wavelength and polarization. sSNOM uses an atomic force
microscopy (AFM) tip as a local scattering center, coupling near-field light into the
far-field where it can be collected by an objective for detection.85–88 With the use
of a lock-in amplifier to record different harmonics of an AFM tip oscillating at the
cantilever resonant frequency (ω0), the desired near-field signal can be separated from
the background far-field light with good signal-to-background sensitivity.25,89 sSNOM
is an excellent technique for probing plasmonic structures,24,71,73,74 and was used to
characterize the behavior of a HAMR waveguide-coupled plasmonic antenna both in this
work as well in our previous work.42 In these sSNOM experiments, external laser light
was coupled into the integrated HAMR waveguide exciting the plasmonic antenna much
like in drive operation (Figure B.18). As the sample scanned under the oscillating tip,
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the different harmonic components of the scattered signal were collected and mapped.
As reported previously, the higher harmonics (5ω0 - 6ω0) were more representative of
the near-field profile as seen by the magnetic disk during drive operation. Near-field
maps were collected for six harmonics over a range of incident laser polarizations (-100◦
to 100◦ in increments of 10◦ where 0◦ was parallel to the notch) for incident wavelengths
of 830 nm (Figure 4.3a), the designed head operation wavelength, as well as 633 nm
(Figure 4.3b) in order to more fully map out the HAMR performance and to complement
the SEM-CL measurements.
Several observations can be made from the data in Figure 4.3. The harmonics
intensity for the 830 nm light is >10× that of the 633 nm light, which was expected
since the head (waveguide and plasmonic antenna) was designed to operate at 830
nm. At this wavelength, the polarization dependence of nanofocusing was observed
for all harmonics (Figures 4.3a,c, B.19 - B.21), with the expected maximum intensity
for parallel (0◦) excitation and minimum intensity for perpendicular (-90◦ and 90◦)
excitation.64,65 The observed maximum intensities deviated from the expected cos2(θ)
dependence on polarization angle θ near the parallel polarization.68 It is believed that
this was an experimental artifact due to saturation of the APD or the lock-in preamplifier
due to the large far-field transmission of the waveguide at resonance, which does not have
a heating effect on the media. The waveguide was designed to operate most efficiently
with parallel polarization at 830 nm, and only a fraction of the laser light is converted
to the evanescent near-field by the plasmonic antenna. It is worth noting that follow-
up measurements of the 0◦ parallel polarization were performed with care to eliminate
saturation. Similar decay trends in maximum intensity as a function of harmonic were
observed when compared to the saturated set presented here confirming the cause of
the saturation, demonstrating its spatially uniform nature, and validating the presented
near-field mappings.
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Figure 4.3: sSNOM images of HAMR heads as a function of wavelength and
polarization. Near-field maps for the 1ω0 and 6ω0 with both (a) 830 nm and (b). 633
nm wavelengths as well as polarizations ranging from -90◦ deg (perp, TE) to 0◦ (para
TM) to +90◦ (perp, TE). All maps are 400 nm ×400 nm. The intensity maxima from
all maps were extracted and plotted against the expected cos2(θ) intensity decay curve
for both (c) 830 nm light and (d) 633 nm light. The full data set ranged from -100◦ to
100◦ in increments of 10◦ and covered six harmonics for both wavelengths. The AFM
color scale ranges from -3.8 to +1.6 nm, and the map is 400 nm × 400 nm. Additional
images can be found in Appendix B.2.2.
The background saturation observed in the 830 nm data set was not observed in
the data set collected using 633 nm laser light as is evident in Figure 4.3d right (and
Figures B.22 - B.24) in which the 6ω0 nicely follows the expected cos
2(θ) decay trend. In
addition, the presence of a near-field resonance of smaller intensity for the parallel (0◦)
37
electric field matched the results from the SEM-CL measurements and modeling. The
fundamental frequencys (1ω0) harmonic mappings also show the same behavior as ob-
served with SEM-CL; with perpendicular electric field polarizations (-90◦ and 90◦), the
recorded intensity of the resonance was dominant on the right of the E-shaped antennas
notch feature. Comparing the sSNOM near-field mappings in Figure 4.3b, 1ω0 with the
SEM-CL map in Figure 4.2b centered at 650 nm suggests that this wavelength region
of SEM-CL data is largely comprised of CL photons with a variety of polarizations, es-
pecially when considering the presence of a smaller relative intensity feature on the left
side of the notch as well as the reduced intensity of the rightmost feature relative to the
intensity maximum located at the notch. Since the fundamental frequencys (1ω0) scat-
tering cross-section is known to couple more light from the optical far-field, and these
side resonances are not present in the higher harmonics (6ω0), we can conclude that
the corresponding SEM-CL signal (625-675 nm) is more likely due to optical excitations
that couple well into the far-field modes of the waveguide-plasmonic antenna system.
These characterizations of the near- versus far-field and polarization components for
the different features observed in the SEM-CL and sSNOM maps are also consistent
with the simulated spectra for the antenna. The complete set of near-field mappings for
all measured polarizations, wavelengths, and six harmonics as well as their maximum
intensity curves can be found in Appendix B.2.
In conclusion, the optical near-field of waveguide-coupled plasmonic antennas in
HAMR heads was characterized bidirectionally with both near-field excitation mapping
and probed near-field mapping using SEM-CL and sSNOM. Both techniques were able to
provide unique insight into the heads behavior during drive operation and conclusions
drawn from their results exhibited good agreement. Furthermore, the usefulness of
the described methods has been firmly demonstrated for the development of HAMR
technology as well as future devices based on the near-field properties of light.
Chapter 5
Plasma-enhanced Atomic Layer
Deposition for Plasmonic
Titanium Nitride
For many years, the plasmonics community has searched for alternative materials in
hopes of resolving issues with common plasmonic metals (e.g. gold, silver, etc.).14,16,43,49,100,101
Successful use of plasmonics within many applications, especially on the industrial scale,
have been limited by losses,14,100 poor surface adhesion,102,103 a lack of well-controlled
nano-scale fabrication processes, as well as chemical, thermal, and mechanical insta-
bilities.16,76 However, synthetic metals have the potential to overcome some of these
challenges and thus enable the widespread use of plasmonics and improvement of plas-
monic structures and devices.46 For applications in the visible and near-infrared, most
of the focus of synthetic metal studies have been on transparent conducting oxides and
nitride materials, with particular focus on titanium nitride as the best potential rival for
gold.19,37,46,47,50 Traditional methods for depositing titanium nitride have many disad-
vantages for industrial applications and are incompatible with processing requirements.
For example, the most common technique for depositing titanium nitride is sputter-
ing performed at 700-800◦C,19,35,50 which far exceeds the temperature limits of 400◦C
for the CMOS industry and 200◦C for the heat-assisted magnetic recording (HAMR)
industry.20 Sputtered titanium nitride films have substrate dependent properties and
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orientation effects related to epitaxial nucleation,47 which does not lend itself well to
inhomogeneous substrates with non-planar features. As an alternative, we deposit ti-
tanium nitride by plasma enhanced atomic layer deposition (PEALD),20,58,104,105 a
conformal technique capable of coating three-dimensional surfaces with A˚ngstro¨m-level
thickness resolution at low temperatures (300◦C).
5.1 Plasma-enhanced Atomic Layer Deposition
In this work, deposition of titanium nitride was performed via conventional PEALD (Ox-
ford FlexAL) with cycling as shown in Figure 5.1. First, (Figure 5.1a) a precursor gas,
tetrakis(dimethylamino)titanium (TDMAT), was introduced into the vacuum chamber
(base pressure ∼10−6 Torr) and reacted with the substrate surface at 300◦C, followed
by a pumping/purging step to remove unreacted precursor gases. Next, a plasma of H2
and N2 gas (Figure 5.1b) was introduced whose radicals perform two functions: hydro-
gen radicals assist the removal of [(CH3)2N] ligands from the metal-organic precursor,
and nitrogen radicals bond to open titanium sites. After a designated time, these gases
were removed, and one cycle of PEALD was complete (Figure 5.1c) leaving behind no
more than one atomic layer of titanium nitride. These processes usually deposited ∼1
A˚/cycle, or ∼1/4 atomic layer of titanium nitride per cycle. Recipes for the films dis-
cussed in this paper are given in Table 5.1, and chamber conditions (either after cleaning
or seasoned with previous oxide depositions) are given throughout the text.
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Figure 5.1: Deposition process. Plasma-enhanced atomic layer deposition processing
of titanium nitride includes (a) a precursor reaction step with TDMAT followed by (b)
a plasma step with H2 and N2 gases to create (c) a thin titanium nitride coating on the
substrate surface each cycle.
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Recipe 1 Recipe 2
PRECURSOR
Dosage (s) 0.8 0.8
Pressure (mTorr) 40 40
Purge (s) 3 3
PLASMA 1
Gas(es) N2 N2, H2
Flow rate (sccm) 40 20, 20
Pressure (mTorr) 10 10
Time (s) 10 30
PLASMA 2
Gas(es) N2, H2
Flow rate (sccm) 3, 50
Pressure (mTorr) 10
Time (s) 30
Table 5.1: Deposition recipes. Deposition recipes for the films discussed in this paper.
The N2 present in the second plasma of Recipe 1 aids the striking of the H2 plasma.
5.2 In situ Spectroscopic Ellipsometry
Spectroscopic ellipsometry (J. A. Woollam M2000) was performed in situ at the end of
each titanium nitride deposition cycle to monitor growth and aid in process development.
The ellipsometer was used to record the amplitude (Ψ, Figure 5.2a) and phase (∆, Figure
5.2b) from ∼200-1700 nm. Models to approximate the optical and physical properties
of the sample (including the substrate) were developed, and two types of models for
the titanium nitride layer were compared. First, a physical model with one Drude and
three Lorentz oscillators was chosen, where the dielectric function, (ω), is defined as:
m(ω) = ∞ −
ω2p
ω2 + iγω
+
3∑
j=1
fjω
2
0,j
ω20,j − ω2 − iγjω
(5.1)
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where ωp and γ are the plasma frequency and damping, respectively, for the Drude
parameter, ω0,j and γ0,j are the j
th Lorentz oscillator frequency and damping, respec-
tively, and fj is the j
th amplitude of the Lorentz oscillator. For a 300 cycle film (Recipe 1
deposited on 250 nm thermal silica on a silicon wafer in a clean chamber), the resulting
fit parameters are included in Table 5.2. The fit quality was defined by the (root) mean
square error (MSE), a difference between the model fit and the measured data,32 and
was found to be 12.7.
Parameter Fit Value
Thickness 27.3 nm
~ωp 4.85 eV
~ω1 0.920 eV
~ω2 4.11 eV
~ω3 6.07 eV
~γ 0.706 eV
~γ1 0.974 eV
~γ2 2.39 eV
~γ3 3.49 eV
f1 19.9
f2 1.89
f3 3.43
∞ 3.00
Table 5.2: Ellipsometry material parameters. Spectroscopic ellipsometry Drude-
Lorentz model fit results for a 300 cycle titanium nitride film deposited with Recipe
1.
Mathematically-based B-spline models, including Kramers-Kronig rules, have been
used to fit plasmonic and refractory materials,106,107 and so the B-spline was also applied
to the 300 cycle titanium nitride film yielding a more accurate fit (MSE 7.23, Figure
5.2a,b) with a thickness of 27.1 nm, initial refractive index values of n = 2 and k = 1, 0.1
eV resolution (58 points), ∞ = 3.00, IR amplitude = 6.77, and IR damping = 0, and
a resulting node graph (Figure 5.2c). 
′
m and 
′′
m (Figure 5.2d,e) were extracted from
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the titanium nitride layer in both models. While appearing very similar, comparing
their corresponding figures of merit (FOM = −′m/
′′
m, Equation 2.14), a quantitative
measure of the plasmonic quality of the film, shows a ∼10% difference at 750 nm (Figure
5.2f).
Figure 5.2: Ellipsometry fitting methods. Spectroscopic ellipsometry was performed
in situ during titanium nitride deposition (300 cycles of Recipe 1 yielded 27.3 nm of
titanium nitride as fit by the Drude-Lorentz model), and the output data was fit with
two models to extract the complex dielectric function. Both a physical model with
one Drude and three Lorentz oscillators as well as a mathematical B-spline model with
Kramers-Kronig rules were used. Their fits are compared in (a,b,c) as well as their
(d,e) extracted pseudo dielectric functions and (f) figure of merit (FOM). The fitting
parameters are included in Table 5.2.
In situ spectroscopic ellipsometry of a 2250 cycle deposition (Recipe 1 deposited
on 250 nm thermal silica on a silicon wafer in a clean chamber) yielding a ∼216 nm
titanium nitride film shows how the film properties evolve during deposition. Using
the more physically accurate (and meaningful) Drude-Lorentz model, the data was
fit at numerous cycle intervals (100, 150, 300, 500, 800, 1000, 1250, 1500, 1900, and
2250 cycles) corresponding to increasing film thicknesses (8, 12, 24, 42, 69, 89, 117,
144, 180, 216 nm). The most significant changes were observed in the real part of
the dielectric function (Figure 5.3a), which was believed to be due to the improved
carrier concentration and mobility (i.e. more conductive and metal-like) as a result of
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the cumulative plasma time exposure of the films earlier-deposited material throughout
the deposition process and more bulk-like nature of the thicker films. In contrast, the
imaginary part of the dielectric function exhibited little change, but it did appear to
gradually decrease with increasing film thickness. The FOM was also calculated and
more clearly shows the films optical properties and the wavelength range over which it
is plasmonic.
Figure 5.3: Thickness dependence of optical properties. In situ spectroscopic
ellipsometry revealed the evolution of a film throughout its growth process. Thin films
(<10 nm) are plasmonic, but barely, and are not optimal. As the thickness grows,
the 
′
m shows significant improvement, which may be due to the improvement of the
films electrical properties (higher carrier concentration and mobility) as a result of the
longer cumulative plasma time and the increase in thickness. Thick films have the best
plasmonic properties.
5.3 Auger Electron Spectroscopy
With spectroscopic ellipsometry it is possible to determine the optical and electronic
properties of titanium nitride films, as well as their thicknesses, but it cannot reveal
differences in chemical composition due to varying deposition schemes and chemistries
or to varying starting conditions of the PEALD chamber. If two nominally equivalent
films yield different ellipsometry results, elemental composition should be measured,
and here Auger electron spectroscopy (AES) was used for such a case where residual
films in the PEALD chamber were suspected to release contaminants.
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Figure 5.4: Effects of deposition chamber condition.Reliable PEALD deposition
is dependent on the chamber conditions, especially the plasma tubes cleanliness. Two
comparable film chemistries yielded strikingly different results when deposited in (a)
a clean vs. (b) a seasoned chamber. Auger depth profiling allowed the comparison of
surface vs. bulk chemical information and (c) revealed a high oxygen content in the
bulk of the film deposited in the seasoned chamber as compared to the film deposited
under clean conditions. (d) The FOM showed that the film deposited in the seasoned
chamber was plasmonic over a much shorter wavelength range, and it did not exhibit
strong plasmonic properties as compared to its clean chamber counterpart.
After a regular cleaning and repair of the PEALD (in which all previously deposited
film was removed from the deposition chamber, gas and precursor inlets, load lock input,
and the ceramic plasma tube), many titanium nitride films were deposited including
the same 300 cycle film (Recipe 1) discussed in Figure 5.2 and Section 5.2, which was
analyzed with AES. Because the first 1-2 nm of the titanium nitride surface is partially
oxidized in open air, an argon ion gun was used to sputter away the films surface to
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allow for measurement of the bulk properties (Figure 5.4a). After sputtering for 240-
360 s, the interior of the film was reached and showed still small concentrations of two
contaminants: carbon (from the precursor ligands) and oxygen (residual in gas form,
not removed from chamber by the turbo pump). The same analysis was performed on a
300 cycle film (also Recipe 1 deposited on 250 nm thermal silica on a silicon wafer) that
was deposited in a seasoned chamber (which included many previous oxide depositions)
from before the cleaning (Figure 5.4b), and a comparison of the two films (Figure 5.4c)
showed that the film deposited in a chamber seasoned with oxide materials suffered from
increased oxygen contamination. The increased oxygen content was likely responsible
for the reduced FOM and wavelength range over which the film was plasmonic (Figure
5.4d). Additional film properties, including sheet resistance as measured by four-point
probe (FPP), are included in Table 3 and demonstrate the increased resistivity caused
by the oxygen present in the film, which directly effects the Drude parameter and the
optical properties observed with spectroscopic ellipsometry.
Clean Chamber Seasoned Chamber
Thickness (nm) 27.3 21.9
Sheet resistance (Ω/) 125 250
Resistivity (µΩcm) 341 547
Table 5.3: Material parameters under different chamber conditions. Compar-
ison of thickness (spectroscopic ellipsometry) and electrical properties (FPP) for films
deposited in clean and seasoned chambers.
The likely source of the oxygen is cross-contamination from metal oxide ALD films
grown in the same tool, which could include AlOx, SiOx, TiOx, HfOx, CoOx, WoOx,
and MoOx. The latter three oxides are known to be volatile and are likely to break
down when exposed to the hydrogen plasma in the titanium nitride process, creating
two problems: 1. Oxygen from previously deposited films will be reintroduced into the
deposition chamber with the hydrogen radicals in the form of water and then rede-
posited into the titanium nitride film and 2. Residual metal (Co, W, Mo) remain as a
conductive coating (in addition to the conductive titanium nitride coating) inside the
plasma tube, potentially degrading the inductively coupled plasma source. Deposition
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was also observed inside the plasma tube, providing an oxygen source in the region of
the remote plasma. These results demonstrate the importance of keeping the nitride
films and oxide films in separate deposition systems.
5.4 Grating Fabrication and Characterization
As a stepping stone to future three-dimensional lithography of plasmonic structures
with PEALD titanium nitride, two-dimensional grating structures were fabricated from
a ∼150 nm titanium nitride film (Recipe 2 deposited on fused silica in a seasoned
chamber) using electron beam lithography with HSQ resist which, after exposure, forms
a silica-like layer. A low power chlorine plasma etch (Oxford PlasmalabSystem100) was
found to etch the titanium nitride with 10:1 selectivity over the silica substrate and mask
and was used to pattern the titanium nitride gratings. The etch conditions were: Cl2
flow rate: 30 sccm, 5 mTorr, 20 C; RF forward power: 30 W, DC bias 76 V; inductively
coupled plasma forward power: 2000 W; etch rate ∼7 nm/s.108 The scanning electron
micrograph of a 900 nm period grating revealed straight side walls (Figure 5.5a), and
the top view (Figure 5.5b) showed that the grating lines had the desired width of ∼300
nm.
Titanium nitride gratings with five different periods were fabricated and measured
optically with dark field scattering spectroscopy, which showed specific signatures in
their spectra dependent on their periods (Figure 5.5c,d). Two spectrometer grating
positions were used to capture the full spectra. The 900 nm grating was also modeled
with Lumerical (Figure 5.5e,f) where the SE data for that films deposition was included
in the model as the refractive index for the titanium nitride material. Modeling results
show reasonable agreement with peaks and troughs in similar locations as the measured
grating, which demonstrates the accuracy of the models used for the ellipsometry data
and the ability to easily pattern the plasmonic titanium nitride.
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Figure 5.5: Fabrication of titanium nitride gratings. Reliable PEALD deposition
is dependent on the chamber conditions, especially the plasma tubes cleanliness. Two
comparable film chemistries yielded strikingly different results when deposited in (a)
a clean vs. (b) a seasoned chamber. Auger depth profiling allowed the comparison of
surface vs. bulk chemical information and (c) revealed a high oxygen content in the
bulk of the film deposited in the seasoned chamber as compared to the film deposited
under clean conditions. (d) The FOM showed that the film deposited in the seasoned
chamber was plasmonic over a much shorter wavelength range, and it did not exhibit
strong plasmonic properties as compared to its clean chamber counterpart.
In conclusion, we have demonstrated PEALD of titanium nitride and analyzed its
optical, electrical, and chemical properties with SE, FPP, and AES. We have discussed
important parameters for attaining consistent, high-quality films and the sensitivity of
the deposited titanium nitride to oxide cross-contamination resulting from previously
performed oxide depositions. Finally, we demonstrated ease of patterning of the tita-
nium nitride film with a chlorine plasma etch process and verified the performance of a
900 nm period plasmonic grating using optical measurements and theoretical modeling.
Chapter 6
Chemistry of Atomic Layer
Deposited Titanium Nitride
Use of atomic layer deposited titanium nitride industrially for plasmonic applications
requires thorough understanding of material properties’ dependence on deposition pa-
rameters as well as the resulting films’ behavior in a variety of conditions and atmo-
spheres. In the previous chapter, deposition chemistry of PEALD titanium nitride was
thoroughly discussed including necessary processing steps for stable, consistent, and
reliable material deposition. The next step in understanding PEALD titanium nitride
films involved investigating its properties in post-deposition conditions that may relate
to conditions experienced in end applications or post-processing possibilities that can
yield more useful material properties. For example, the polystyrene beads used as a pho-
tonic crystal substrate in Chapter 7 are temperature sensitive and cannot be exposed to
direct titanium nitride deposition at 300◦C. Rather, as-deposited film properties should
be explored for a variety of deposition temperatures motivated by the possibility of find-
ing post-processing conditions that generate equal or superior quality titanium nitride
that was originally deposited at substrate compatible lower temperatures (<100◦C).
Synthetic metal materials of higher plasmonic quality and conductivity are possible us-
ing annealing and may be useful for some applications.109 While higher temperature
annealing during fabrication is not ideal for all applications, devices designed to operate
at higher temperatures such as HAMR heads or some photonic crystal devices, including
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those used for solar thermophotovoltaics, would benefit from well-understood material
behavior and optical quality.46
6.1 As-deposited Material Properties
To study the chemistry of PEALD titanium nitride, 300-cycle depositions were per-
formed at different temperatures (40◦C, 90◦C – both using Recipe 1b in Table A.1,
180◦C, 200◦C, 300◦C – using Recipe 1a in Table A.1) using Recipe 1 as in Table 5.1
(and Recipes 1a,b in Table A.3) yielding different thicknesses, conductivities, plasmonic
properties, compositions, and crystallinities.110 Figure 6.1a shows a linear increase in
the thickness and therefore the deposition rate (in A˚/cycle) with increasing deposition
(substrate) temperature.111 Columnar grains ∼10 nm in size were observed using scan-
ning electron microscopy (Figure 6.1b) of a material resulting from a similar deposition
recipe (Recipe 3 in Table A.3).
Figure 6.1: Thickness vs. deposition temperature. (a) 300 cycles of PEALD
titanium nitride were deposited temperatures ranging between 40-300◦C and resulted
in increasing film thicknesses and deposition rates with increasing temperature. (b)
800 cycles of titanium nitride deposited on a flat surface (thermal silica) at 300◦C has
columnar grains ∼10 nm in size.
As previously discussed in 5.2, the dielectric function and plasmonic figure of merit
(FOM) are dependent on film thickness with thinner films having lower FOMs. Ad-
ditionally, comparing the 12 and 24 nm films in Figure 5.3 (deposited at 300◦C) with
the 40◦C deposited 12 nm film’s dielectric function (Figure 6.2), it can be seen that
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the films deposited at lower temperatures are not plasmonic (′m ≥ 0). Variable angle
spectroscopic ellipsometry (VASE) together with a Drude-Lorentz model to fit the ti-
tanium nitride dielectric function as described in 5.2 were used to measure the optical
properties of the titanium nitride.
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Figure 6.2: Dielectric function vs. deposition temperature. Titanium nitride’s
dielectric function is dependent on both its thickness (Figure 5.3) as well as its deposi-
tion temperature, with thicker films deposited at higher temperatures having stronger
plasmonic quality. The corresponding FOM plot is included in Figure 6.8.
6.2 Material Properties of Annealed Films
To further understand the differences in the as-deposited materials, improve their plas-
monic properties, and investigate potential for high quality films originating from lower
temperature (<100◦C) depositions, the films were annealed at several temperatures
between 500◦C and 1100◦C. Their thicknesses and plasmonic FOMs were determined
using VASE, and film conductivity was measured using the Hall effect as well as VASE.
Anneals were performed in a glass tube furnace pumped and purged with argon (twice)
before flowing 250 sccm Ar and 20 sccm H2 through the tube (see Appendix A.5). The
furnace temperature was ramped from room temperature (∼20◦C) to the annealing
temperature as fast as possible (∼10s of minutes), held constant for one hour, and then
lowered. The hydrogen gas flow was stopped only once the samples were cool enough
to remove from the furnace (≤80-100◦C). The hydrogen flow was continued during the
cooling stage to prevent possible film oxidation, which has been shown in titanium ni-
tride films annealed at temperatures ≥150-200◦C in atmospheres containing oxygen (or
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an oxygen leak).112,113 Full or partial film oxidation (beyond the native oxide of 1-2
nm) of the as-deposited titanium nitride when annealed in air between 200-500◦C was
also observed but is not plotted.
6.2.1 Film Thickness and Conductivity
Sample annealing in the reducing hydrogen atmosphere was found to cause a reduction
in film thickness (Figure 6.3a) and an increase in conductivity (Figure 6.3b). These
effects were presumably caused by the removal of impurities such as carbon and oxygen
as well as the formation of larger grains and the increase crystalline order within the
sample (as opposed to remaining nanocrystalline or amorphous) and increased film
density.114,115 According to Figure 6.3, the films deposited at 90◦C and 300◦C have
equal conductivity after annealing at 1100◦C even though the 90◦C-deposited film is
barely more than half of the 300◦C-deposited film thickness.
Figure 6.3: Film properties vs. annealing temperature. (a) A decrease in film
thickness and (b) an increase in film conductivity were observed as a result of annealing.
The conductivities calculated from the VASE measurements using the equation:
σ = µNee (6.1)
where σ is the DC conductivity of the material. It should be noted that the conductivi-
ties measured with SE (an optical technique) are consistently higher than measurements
performed with complementary electrical techniques such as four-point probe and the
Hall effect (as was used in this case, Ecopia HMS-5000). This is due to the effect of
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grain boundary scattering reducing the electrically measured conductivities. This effect
becomes more dominant for thinner films.32
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Figure 6.4: Carrier concentration of annealed films.
The SE measurements also showed the high temperature (950◦C and 1100◦C) an-
nealed titanium nitride to have larger carrier concentrations matching expectations
from literature.116 These higher conductivities and larger carrier concentrations re-
late directly to the plasmonic properties through the Drude parameter and will result
in shifting of the dielectric function and plasmonic FOM.
6.2.2 Film Plasmonic FOM
Annealed films’ optical properties were observed using VASE, and their FOMs were
calculated from the Drude-Lorentz extracted pseudo transformed dielectric function.
Key observations include the slight degradation in FOM for films annealed at 500◦C
(Figures 6.5 and 6.8), of which the cause has not yet been determined. In addition, the
950◦C anneal yielded the films with the overall largest plasmonic FOM (Figure 6.5);
however, anneals at 1100◦C were still capable of further blue shifting the wavelength
location of the maximum FOM and the plasmonic transition wavelength, λp (Figure
6.7).
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Figure 6.5: Figure of merit of annealed samples. Films deposited at 40◦C, 90◦C,
180◦C, and 300◦C can be observed as it evolves from each anneal. (The deposition at
200◦C was left off because of its similarity with the deposition at 180◦C.)
One notable observation from the FOMs presented in Figure 6.5 is the different decay
trend present in the near infrared for anneals at 800◦C and 950◦C. In this wavelength
region, the titanium nitride’s plasmonic quality diminished more quickly and in some
cases (e.g. 180◦C deposited sample) the film annealed at 800◦C ceases to be plasmonic
(FOM < 0) at lower wavelengths than even the as-deposited version. The dominant
contributor to this trend should be the third and final Lorentz oscillator near 1 eV,
which was added to the Drude-Lorentz model in order to fit the near infrared region
of the measured spectrum. Based on previous literature, this oscillator is due to the
Γ′25 → Γ12 interband transition.35,117
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Figure 6.6: Oscillator fit parameters vs. anneal temperature. The lowest en-
ergy Lorentz oscillator added to the SE model is usually located ∼1 eV, but its exact
properties shift with annealing temperature. The (a) oscillator energy, (b) amplitude
(dimensionless), and (c) oscillator width can describe the varying optical properties in
the near infrared dependent on anneal temperature.
Viewing the ∼1 eV oscillator’s parameters in Figure 6.6 aid in understanding the
titanium nitride films’ behavior in the near infrared with annealing. First, for anneals
at 800◦C and 950◦C the energy position of the oscillator shifts to lower values. Second,
the amplitude of this interband transition significantly increases (&50%) as compared
to films annealed at other temperatures. Finally, the oscillator width does not appear to
show a significant change. Since the red shifting of the oscillator should move its effects
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further outside (or to the edge of) the SE measurement window, it can be inferred that
the increased oscillator amplitude is likely the cause of the reduced plasmonic behavior
in this region. Anneals at at 800◦C and 950◦C may generate an alternate crystalline
structure with shifted and stronger resonant properties, although exactly what that is
has yet to be determined.
Another observation from the FOMs presented in Figure 6.5 is the blue shifting
(and general improvement) of the plasmonic properties with annealing temperature.
Both the plasmonic transition wavelength (λp) and the wavelength of maximum FOM
(λmaxFOM ) are shown in Figure 6.7. With increasing anneal temperature, λp appears
to converge near 465-470 nm regardless of deposition temperature. λmaxFOM is also
rather independent of deposition temperature.
Figure 6.7: Plasmonic properties vs. annealing temperature. (a) As the films
are annealed at higher temperatures, the wavelength at which they become plasmonic
both blue shifts begins to converge near 465-470 nm. (b) The peak plasmonic behavior
(maximum FOM) also blue shifts from the near infrared into the visible.
Finally, when annealed at 1100◦C, the film deposited at 90◦C obtained a plasmonic
FOM and conductivity comparable to that of the 300◦C deposited film annealed under
the same conditions (Figures 6.3 and 6.8, 1100◦C), and even skipped over the 180◦C
and 200◦C deposited films’ FOMs. As mentioned previously, this behavior is surprising
since the 90◦C deposited film is significantly thinner than the 300◦C deposited film. To
understand this behavior, chemical composition analysis and grain size measurements
must be performed.
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Figure 6.8: Figure of merit of annealed samples. Annealing generally improves the
plasmonic quality of the titanium nitride films. Surprisingly when annealed at 1100◦C,
the film deposited at 90◦C exceeds the plasmonic quality of the films deposited at 180◦C
and 200◦C and approaches the quality of the film deposited at 300◦C even though it is
significantly thinner (Figure 6.3a).
6.2.3 Film Composition
Auger electron spectroscopy was used to investigate the contamination of oxygen and
carbon in the titanium nitride bulk material (reached using argon ion sputtering) both
before and after annealing for multiple deposition temperature. The anneals containing
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hydrogen were successful at removing much of the carbon from the titanium nitride film,
which accounts for some of the improvement in material properties (carbon prevents
crystallization110); however, more effects are present. It was observed that for the films
annealed at 1100◦C, the 90◦C deposited film contained more contaminants than the
300◦C deposited film, and therefore the reduced contamination does not account for
why the 90◦C deposited film sees significantly more improvement when annealed at
1100◦ compared to the other samples under the same annealing condition.
Figure 6.9: Bulk contamination of annealed films. Auger electron spectroscopy
of samples deposited at 90◦C and 300◦C (a) before and (b) after annealing at 1100◦C
reveal that the impurities are more easily removed from the 300◦C deposited sample,
and the post-annealing and high FOM 90◦C sample has more remaining contamination.
Another observation from Figure 6.9 includes the change in relative titanium to ni-
trogen content in the film as evidenced by the shape of the titanium (and nitrogen) peak
at ∼420 eV. The as-deposited films in Figure 6.9a appear to be over-stoichiometric or
nitrogen rich (TiNx where x>1), but the films annealed at 1100
◦C are now titanium rich
(x∼0.67) and possibly due to either a new stoichiometry (Ti3N2 titanium(II)nitride),
nitrogen vacancies in the lattice, or selective sputtering of the lighter nitrogen element
by the argon ion gun used for obtaining measurements of the bulk film.118 Previous
work on PEALD titanium nitride with TDMAT showed high contamination levels for
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thermally enhanced processes (no plasma, 37% oxygen and 9% carbon) and contami-
nation below 6% for optimized plasma-enhanced processes, which we believe to be the
case for the 300◦C-deposited film in this work.111
Since the presence of contaminants oxygen and carbon cannot account for the 90◦C
deposited film’s exceptional plasmonic FOM and conductivity after annealing at 1100◦,
it is believed that the grain size may account for the improved properties. In this case,
a more amorphous as-deposited material would allow for easier atom mobility and re-
arrangement during high-temperature annealing than the larger ∼10 nm grains present
in the 300◦C-deposited film. To measure the grain size, x-ray diffraction was unsuc-
cessfully attempted (films were too thin). Transmission electron microscopy (TEM)
measurements are currently underway.
In conclusion, we have explored the properties of titanium nitride films under dif-
ferent PEALD conditions as well as the effects of post-processing conditions on their
electrical, optical, chemical, and physical properties. While TEM results are still out-
standing, we can conclude that the higher quality plasmonic films deposited at lower
temperatures (<100◦C) are possible through post-processing anneals in reducing atmo-
spheres. Further application their uses will be discussed in Chapter 7.
Chapter 7
Towards Plasmonic and
Conductive Photonics in Three
Dimensions
Photonic crystals are periodic nanostructured materials with optical badgaps which can
prohibit certain wavelengths regions of light from propagating through the crystal.119,120
The most promising applications for photonic crystals and photonic bandgaps lies in
the visible and near infrared frequencies.121 Optoelectronic applications include micro-
lasers, light emitting diodes, and telecommunications121 as well as electrically tunable
color films or photovoltaics (both as emitters), which both require the photonic crystal
to be electrically conductive.122 Creating electrically conductive photonic crystals is
rather difficult since metals are hard to nanostructure in two dimensions, and obtaining
a variety of designed and precise periodic structures in three dimensions is nearly impos-
sible with metals. In order to obtain conductive photonic crystals, previous researchers
have resorted to forming nanocomposites of polymers with carbon nanotubes, which is
nontrivial.122 The other leading obstacle for producing and realizing the potential of
photonic crystals is the inexpensive and reliable three-dimensional fabrication of these
structures with appropriate optical properties, which often include plasmonic materi-
als.121,123 Atomic layer deposition (ALD) has been demonstrated as a high-throughput
and inexpensive technique capable of fabricating photonic crystals with a diverse variety
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of materials including oxides,124,125 and transparent conducting oxides,126 nitrides,127
and sulfides.128 In addition, plasma enhanced atomic layer deposition (PEALD) has
been demonstrated for high aspect ratio conformal coatings over complex geometries
while simultaneously providing better quality material and is therefore ideal for the
three-dimensional fabrication of photonic crystals.58,105 Furthermore, the deposition of
conductive and plasmonic materials such as titanium nitride may enable the required
quality of photonic crystals through the use of silver or other plasmonic metals.129,130
This chapter presents work towards conductive and plasmonic photonics in three di-
mensions using conformal coatings of PEALD titanium nitride on silica inverse opals.
7.1 Titanium Nitride Properties
The conductive and plasmonic titanium nitride films used in this work were deposited
using PEALD with a two stage plasma as described in Recipe 1a in Appendix A.1.31
Various thicknesses of titanium nitride ranging between 2 and 50 nm were used in order
observe the photonic crystal properties with films varying in optical (Figure 7.1a-b) and
electronic (Figure 7.1c) properties with different compound effects when many layers
are encountered by light interacting with the photonic crystal. The measurements in
Figure 7.1 were performed on flat films deposited onto silicon substrates with 250 nm
of thermal silica during the same deposition as each corresponding inverse opal sample.
It should be noted that even the 2 nm film exhibited high electrical conductivity (using
the Hall effect) even after any oxidation could have occurred.32,33 The conductivity
calculations from SE were calculated using Equation 6.1.
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Figure 7.1: Dielectric function and conductivity. Optical and electronic properties
of titanium nitride thin films used for inverse opals. The real (a) and imaginary (b)
parts of the dielectric function as fit by ex situ variable angle spectroscopic ellipsometry.
(c) Spectroscopic ellipsometry was also used to measure the film thickness and conduc-
tivity in the as-deposited films (measured in situ during deposition) and films measured
after deposition and exposure to air. These optical measurements of conductivity are
compared to electrical transport measurements performed using the Hall effect.
In situ spectroscopic ellipsometry (SE) was performed during film deposition, and
variable angle SE (VASE, J. A. Woollam) at angles between 45◦ and 75◦ in 5◦ increments
were performed ex situ after deposition was complete and the native oxide layer had
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grown (1-2 nm). Both data sets were fit using a Drude-Lorentz model with one Drude
and three Lorentz oscillators as described in Chapter 5.2.31 The model used to fit the
VASE measurements also included a titania oxide layer on the surface, and as a result of
surface oxidation, the titanium nitride was usually measured to be thinner than shown
by the in situ measurements. The one exception is the ∼20 nm sample, which appears
to be of lower quality and therefore was more difficult to fit with same parameters
as the higher quality samples. In addition, while the thinnest two films had small
plasmonic windows between ∼ λ1 and λ2 as measured in situ, this plasmonic quality
was no longer evident in the VASE measurements (Figure 7.1a) presumably due to the
reduced thickness from the native oxide growth as well as possible oxidation between
the nanocrystalline grain boundaries.110
7.2 Inverse Opal Fabrication
The inverse opal fabrication begins with 390 nm diameter polystyrene (PS) beads evap-
orated onto a quartz substrate as described in Appendix A.6.131 The deposition of
titanium nitride for inverse opals is restricted by the thermal stability of the beads used
as the opal template. The PS beads have a glass transition temperature at ∼100◦C lim-
iting process parameters for material deposition. Titanium nitride can be successfully
deposited onto the beads directly at 90◦C (which was demonstrated); however, the tita-
nium nitride is most conductive and plasmonic when deposited at higher temperatures.
For this reason, we chose to first create an inverse opal skeleton with silica (10 nm)
deposited using PEALD at a lower temperature of 40◦C (Figure 7.2a). This sample was
then baked in air at 650◦C for 30 minutes to remove the PS beads. Optical measure-
ments of the silica inverse opals were performed before conformally coating them with
titanium nitride at 300◦C yielding an inverse opal photonic crystal coated with a con-
ductive and plasmonic layer of titanium nitride. Scanning electron microscopy (SEM)
was used to look at cross sectioned photonic crystal sample of silica inverse opals coated
with 47 nm of titanium nitride. Figure 7.2b shows the uniform coating of titanium
nitride on the silica lattice as well as the cavities where the polystyrene beads defined
the lattice shape. In addition, the nanoporosity of the lattice openings where the beads
formerly touched can also be seen. This SEM image was recorded after the annealing
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experiments discussed in Chapter 7.5 were performed indicating that the inverse opal
structure was able to withstand high temperatures.
Figure 7.2: Inverse opal fabrication. Fabrication of titanium nitride plasmonic and
conductive inverse opals (photonic crystal). (a) Polystyrene beads in solution were
evaporated onto a quartz slide and allowed to dry. These opals were coated with atomic
layer deposited silica and then removed via annealing. The left behind silica inverse
opal was then coated with titanium nitride. (b) A scanning electron micrograph of an
inverse opal coated with 47 nm of titanium nitride shows the complex, periodic, and
high surface area of the conductive inverse opal lattice. It should be noted that this
image was taken after the anneals discussed in the following section.
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7.3 Photonic Crystal Reflected Intensity
To observe the photonic effects of the titanium nitride coated onto the silica inverse
opals, reflected intensity measurements were performed with VASE from ∼190-1690 nm
or 0.73 to 6.9 eV. The photonic crystals were measured at angles ranging from 45◦ to
80◦ in 5◦ increments (Figures 7.3a,b). Measurements of the 10 nm silica inverse opal
lattice (Figure 7.3a) were performed before adding the titanium nitride layer (Figure
7.3b). In addition, a slight red shift in the photonic resonance is evident in Figures
7.3c,d. The photonic crystal shows a distinct resonance that shifts with angle, and by
applying a thin coating of titanium nitride, the photonic crystal becomes conductive only
minimally compromising the photonic crystal’s resonant reflected intensity. In order to
further understand the optical effects of the titanium nitride on the silica inverse opal,
annealing of the photonic crystals should be performed.
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Figure 7.3: Inverse opal reflected intensity. Reflected intensity of inverse opals as
measured by variable angle spectroscopic ellipsometry (VASE). (a) A strong photonic
mode is present in the silica inverse opal, which only experience some attenuation when
coated with 3.5 nm of conductive and refractory titanium nitride (b), which is more
evident when comparing the reflected intensity of two inverse opal samples measured at
(c) 45◦. (d) A small red shift in photonic resonance after titanium nitride deposition is
more evident when the crystal is measured at 65◦.
7.4 Annealing Effects on Flat Films
The results presented in Chapter 6.2.2 show that the dielectric function of titanium ni-
tride can be shifted depending on annealing temperature, which will change the resonant
properties of the photonic crystal. Specifically, the plasmonic transition wavelength (λp,
where ′m = 0) of the titanium nitride shifts and may move in or out of resonance with
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the photonic crystal as a result of annealing.
Prior to the fabrication of the ultrathin titanium nitride coated inverse opals dis-
cussed above in Figure 7.3, the inverse opals coated in thicker layers were measured op-
tically, subjected to annealing, and measured again. These anneals and measurements
were conducted along with flat films of titanium nitride from the same depositions in
order to directly observe the dielectric function of the titanium nitride as a result of the
anneal. Since the inverse opals were undergoing all annealing experiments, flat films
were used that also experienced all of the anneals performed. To verify that annealing
is additive and previous lower temperature anneals minimally affect a later anneal at
a higher temperature, other flat film samples which only experienced one anneal were
also used, and they showed good agreement with the films that experienced all anneals.
The measurements plotted in Figures 7.4 - 7.7 were from the films that only experienced
one anneal. Because annealing at 500◦C was shown to decrease film quality, the inverse
opals were not annealed at this temperature, and experiments began at 650◦C.
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Figure 7.4: Thickness change with anneal temperature. Due to grain reordering
and impurity removal, annealing of titanium nitride films causes a reduction in thickness.
This thickness change was measured on flat films and is expected to affect the photonic
crystal resonant behavior as well.
As was observed in the experiments in Chapter 6.2, annealing the titanium nitride
films causes a reduction in film thickness due to reordering of grains and reduction of
impurities. Referencing the thicknesses in Figure 7.4 will be useful for interpretation
68
of the following results, which are sometimes plotted against thickness and sometimes
referred to as the “150-cycle” deposition wherever appropriate. In addition, the plas-
monic quality of the films as determined by their FOMs were also observed to generally
improve with annealing (Figures 7.5, 7.7).
Figure 7.5: Figures of merit vs. anneal temperature. Annealing also causes
a change in the plasmonic properties of the titanium nitride. The figures of merit
(FOMs) for each anneal condition and film thickness (a) 150 cycles, (b) 300 cycles, and
(c) 600 cycles demonstrate the evolution in film plasmonic quality in the visible and
near infrared.
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The same decay trend that was present in the near infrared for anneals at 800◦C and
950◦C in Figures 6.5, 6.6, and 7.6 is also present in the films annealed for the flat films
annealed here (as expected), and some cease to be plasmonic (FOM < 0) near 1600 -
1700 nm (Figure 7.5). (Although this behavior was not as evident in Chapter 6.2.)
Figure 7.6: Oscillator fit parameters vs. anneal temperature. The lowest en-
ergy Lorentz oscillator added to the SE model is usually located ∼1 eV, but its exact
properties shift with annealing temperature. The (a) oscillator energy, (b) amplitude
(dimensionless), and (c) oscillator width can describe the varying optical properties
in the near infrared dependent on anneal temperature and generally agree with the
experiments presented in Figure 6.6.
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Further inspection of the annealed films’ FOMs in Figure 7.5 shows the expected blue
shifting of the plasmonic transition wavelength (λp) and the location of the maximum
FOM (λFOMmax), which are plotted in Figure 7.7.
Figure 7.7: Plasmonic properties vs. anneal temperature. Extracting individual
data points from the FOM plots is useful for understanding the plasmonic behavior
of the films. (a,b) The plasmonic transition wavelength (λp) of the films blue shifts
with increasing anneal temperature and after anneals shows less dependence on the film
thickness in contrast to the as deposited samples. (c,d) The peak FOM also blue shifts
with increasing annealing temperature. As was observed in Chapter 6.8, annealing up
to 950◦C causes an increase in the peak value of the FOM, which then decreases slightly
after annealing at 1100◦C. The one exception in this work is the 300-cycle sample, which
is discussed further in Figure 7.8.
The 300-cycle sample annealed at 1100◦C exhibits behavior different than expected
based on previous anneals and measurements due to the timing of its deposition. (This
film was first in the series to be deposited in the shared tool following oxides, and
more cleaning or a titanium nitride predeposition or conditioning could have helped the
quality.) This is evident in high FOM in Figure 7.5 and the low energy position of the
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Lorentz oscillator in Figure 7.6a. When fitting the SE data, the software optimizes for a
root mean square error (MSE), and is shown in Figure 7.8a for all samples. While most
have acceptable MSE values of ∼6-14 nm, the MSE for the 300-cycle sample annealed
at 1100◦C was unable to be optimized with an MSE below 20. The main contributing
factor this error is the carrier concentration (note the large error bar of 18% in Figure
7.8b), which determines the Drude parameter and is most evident in the ultraviolet.
Figure 7.8c shows the SE fit of the raw measurement data where the fit is poorest below
400 nm.
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Figure 7.8: Carrier concentration and ellipsometry fit. (a) The fit quality of the
spectroscopic ellipsometry measurements can be quantified by the root mean square
error (MSE) of the fit. All samples exhibit a reasonably good MSE except the 300-cycle
sample after annealing at 1100◦C. (b) This high MSE is due to high error (18%) in
the fitting of the carrier concentration of that sample. (c) For the spectral fits of this
sample, the poor fit is reflected through a poor fit in the sub-400 nm wavelength region,
or where the Drude parameter of the dielectric function is dominant.
7.5 Annealing Effects on Photonic Crystals
The characterization of the annealed flat titanium nitride films is foundational to the
understanding of the behavior of the annealed titanium nitride coated silica inverse
opals. Inverse opals coated with 150, 300, and 600 cycles of titanium nitride were
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annealed simultaneously with their respective flat films and then measured with VASE.
After each anneal (650◦C, 800◦C, 950◦C, and 1100◦C) their reflected intensities were
recorded from 45◦-80◦ in 5◦ increments. The anneals were performed with progressively
increasing temperature. Due to the high reflectivity of the thicker titanium nitride,
photonic resonances were weaker as less light is able to pass through or interact with the
entire photonic crystal (due to absorption). Therefore, the reflected intensity of the 150-
cycle sample normalized by a flat region on the quartz substrate (also coated with 10 nm
of silica and 150 cycles of titanium nitride) is plotted in Figure 7.9. While the photonic
crystal resonance is known to blue shift with increasing angle of incidence (Figure 7.3), a
blue shift is also observed with increasing annealing temperature presumably due to the
blue shifting of the plasmonic transition wavelength. In addition, photonic crystal theory
predicts that the resonance should increase when the plasmonic transition wavelength
(′m = 0) is resonant with the photonic crystal, which may be the cause of the increased
photonic crystal reflected intensity for anneals at 650◦C and 800◦C.
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Figure 7.9: Photonic crystal resonance shifts. 150 cycles (7-10 nm) of titanium
nitride was deposited onto a silica inverse opal lattice, measured with VASE at 8 angles
(45◦, 50◦, 55◦, 60◦, 65◦, 70◦, 75◦, 80◦), annealed, measured, etc. It should be noted
that this reflected intensity measurements from the inverse opals were normalized by
the reflected intensity measured from a flat region of the sample. Annealing causes a
blue shift in photonic crystal resonance, with the peak reflected intensity occurring after
the 800◦C anneal.
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The photonic crystal resonance dependence on the annealing temperature can be
quantified through extracting the energy locations of the resonance maximums for each
anneal, which is plotted in Figure 7.10 for the 45◦ measurement. The blue shifting of the
photonic resonance appears to “saturate” around 2.75 eV, which is reached when the
film is annealed at 1100◦C. For higher angle measurements, this peak becomes harder
to discern since it merges with a second higher energy resonance.
0 200 400 600 800 1000 1200
Anneal temperature [ ◦C]
2.40
2.45
2.50
2.55
2.60
2.65
2.70
2.75
2.80
E
n
e
rg
y
 [
e
V
]
45 ◦no anneal
650◦C
800◦C
950◦C
1100◦C
Figure 7.10: Photonic crystal resonance shift vs. anneal temperature. The
location of the peak reflected intensity of the silica inverse opal coated with 150 cycles
of titanium nitride blue shifts most notably after being annealed at 800◦C and 950◦C
(measured at 45◦ after each anneal).
Finally, the angle dependence of the photonic crystal resonance for the most-resonant
sample (annealed at 800◦C) was followed and is plotted in Figure 7.11 with the resonance
shifting about 0.5 eV over the 15◦ range. While there appears to be a rather linear
trend in the resonance shift through this region, it should not be extrapolated to a 0◦
measurement angle. According to previous work on inverse opal photonic crystals with
gold nanoparticles, the angle dependent measurements show the greatest blue shifting of
the resonance with increasing angle in the 35◦-60◦ region; however, the angle-dependent
resonance position asymptotically approaches the photonic crystal resonance (at 0◦)
with decreasing angle.123 The plasmonic transition of this sample occurs ∼2.2-2.3 eV
(Figures 7.7a,b), which is less than the position (∼2.57 eV) of the resonance measured at
45◦ (Figures 7.10 and 7.11). In addition, Figures 7.7a,b show a large change in plasmonic
transition with annealing, which means it may be possible that the plasmonic resonance
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of the titanium nitride film increased in energy with annealing and around 800◦ became
aligned with the photonic crystal resonance creating the larger reflected intensity. Once
annealed at higher temperatures, the titanium nitride plasmonic resonance continued
to increase in energy and was no longer in line with the photonic crystal resonance, so
the reflected intensity decreased.
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Figure 7.11: Photonic crystal resonance shift vs. angle. The peak reflected
intensity of the 150-cycle inverse opal occurs when the sample is annealed at 800◦C,
which may be due to overlapping plasmon resonance with the photonic crystal resonance
occurring at 0◦ incident angle, which cannot be measured with VASE (shown for 45◦ -
60◦.) but can be estimated to be near 2.2 eV, which is near the plasmonic transition
wavelength (λp) for titanium nitride annealed at 800
◦C.131
In conclusion, this chapter presented work toward conductive and plasmonic pho-
tonic crystals in three dimensions, which are difficult to achieve with traditional materi-
als and fabrication techniques, but are made possible using PEALD titanium nitride. We
presented a scaleable and high-throughput fabrication technique for making conductive
and plasmonic inverse opals, examined their properties as the dielectric function of the
titanium nitride was manipulated using annealing, and demonstrated through SEM and
optical measurements that these inverse opal structures can survive high temperature
environments. Finally, beyond conductive photonic crystals, the fabricated material can
also serve as a high surface area electrode for the creation of supercapacitors or water
desalination devices.
Chapter 8
Conclusion
This dissertation presented original research that enables the manufacturing of mass-
produced plasmonic devices through the establishment of near-field characterization
techniques and validating models as well as the engineering of stable plasmonic thin
film titanium nitride that can be conformally applied to arbitrary surfaces.
sSNOM was demonstrated as capable of characterizing HAMR heads for next-
generation hard disk drives. A validation model was generated using simulated electric
field data, AFM tip effects, and electrostatic theory in order to derive meaning from
the near-field maps and offer predictions for future measured plasmonic devices. The
optical near-field of waveguide-coupled plasmonic antennas in HAMR heads was also
characterized bidirectionally using SEM-CL and sSNOM to map both near-field exci-
tations and probed near-fields. Each technique provided unique insight into the heads
behavior during drive operation and was demonstrated as useful for the development of
scaled-up plasmonic devices.
PEALD of titanium nitride was engineered as a conductive and plasmonic thin film,
and its optical, electrical, chemical, and physical properties were analyzed with SE,
VASE, FPP, the Hall effect, AES, and SEM with important parameters for attaining
reliable, high-quality film depositions given. In addition, annealing was used to further
investigate and optimize the films’ properties in order to understand the necessary con-
ditions for obtaining the best films qualities for the appropriate applications. Finally,
titanium nitride structures were demonstrated in both two (gratings) and three dimen-
sions (inverse opals) as an initial foundation for the later creation of more complex and
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mass-produced plasmonic devices. The three dimensional plasmonic and conductive
photonic crystals, which can uniquely be made possible using PEALD titanium nitride.
Furthermore, these conductive photonic crystal devices can also double as high surface
area electrodes, which could be useful for supercapacitors as well as water desalination
devices.
Looking to the future, additional proof-of-concept structures should be fabricated in
order to more fully demonstrate the usefulness of PEALD titanium nitride for creating
stable and scaled-up plasmonic devices. As mentioned in Chapter 2.3.2, “applying an
ultrathin (<10 nm, but more like 2-5 nm) coating of titanium nitride or other synthetic
metal as a conformal coating around a metallic plasmonic structure offers the desired
thermal, chemical, and mechanical protection without giving up the necessary plasmonic
and thermal properties.” These “candy-coated” plasmonic devices are uniquely seen by
the HDD community to be a solution to HAMR’s material challenges associated with
the plasmonic antenna, and the titanium nitride would serve well as an adhesion layer
to the waveguide.132 In addition, attention should be paid to other synthetic metals
such as zirconium nitride as well as ternary and quaternary nitride materials, which
have shown promise in some theoretical and experimental investigations.54,55,133–135
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Appendix A
Experimental Methods
A.1 Predicting sSNOM Methods
Steady state electromagnetic modeling of the plasmonic system was performed using
the FDTD method in Lumerical.
sSNOM measurements were performed with the AIST-NT CombiScope 1000-SPM
and tips from Nanosensors (ATEC-NC). The auto non-contact/tapping default mode
was used with the 160 µm cantilevers (∼300 kHz resonance), 80 nm oscillation am-
plitude, and 87 percent set point. An 830 nm laser (diode: Sanyo DL8142-201) was
polarized (Thorlabs LPVIS100-MP) and directed with free space optics into the micro-
scope. The microscopes bottom objective (Olympus ULWD MSPlan 50) mount was
piezo tuned in three dimensions first for coarse alignment and then for optimal coupling
of the laser spot into the waveguide once the tip was hovered over the plasmonic an-
tenna. A 50× objective (Mitutoyo NIR M Plan Apo NIR 50×, 378-825-5) was precisely
aligned with piezo scanners (in objectives xy plane, manual in z) and used to collect
the scattered light, which was then observed by an APD (Thorlabs APD120A). The
resulting signal passed through a lock-in amplifier (Zurich Instruments HF2LI), and
data was collected through the AIST-NT software.
94
95
A.2 Bidirectional Characterization Methods
SEM-CL measurements were performed at the Molecular Foundry using custom in-
strumentation. A HAMR “rowbar” (a linear array of fabricated HAMR heads not yet
diced into individual sensors) was mounted on an XY nano-positioning stage (stacked
Attocube ECS×3030 closed-loop high vacuum translators with better than 50 nm re-
producibility), which was in turn mounted onto the SEM stepper-motor XYZ stage. A
cleaved and polished multimode optical fiber (Thorlabs FG200LCC or equivalent, low-
OH 200 µm 0.22 NA) was supported from the SEM stage facing the SEM optics. The
SEM XYZ stage was used to position the fiber in the center of the SEM image, next
the nano-positioning stage inserted the HAMR rowbar sample so that a single sensor
was centered in the SEM image.
The SEM electron beam was scanned over the surface of the HAMR plasmonic an-
tenna region to excite near-field optical modes, which coupled through the integrated
optical waveguide (used for excitation in HAMR applications). The CL light was col-
lected by the proximity-coupled optical fiber and delivered to external collection optics.
A custom vacuum feedthrough was fabricated from a 1/8” Swagelock UltraTorr fitting.
Collection fibers had an SMA connector at the external end, and were epoxied into a
short section of 1/8” OD polished stainless steel tubing, which was inserted through the
UltraTorr fitting, allowing a compression seal to be made on the steel tube.
Optical CL spectroscopy was performed using an Acton 2300i spectrograph with a
150 line/mm grating blazed at 500 nm coupled to an Andor Newton EMCCD spectro-
scopic camera, both controlled by custom LabView software. An input coupling lens
matched the 0.22 fiber N.A to that of the spectrometer (0.1 N.A or f/4). Optical CL
images/maps were collected using 20 nm band-pass optical filters and a Perkin-Elmer
APD (avalanche photo-diode) single-photon detector. A Nikon 10× objective coupled
the filtered fiber output into the APD.
A.3 Plasma-enhanced Atomic Layer Deposition Recipes
Recipes for atomic layer deposited titanium nitride films discussed in this dissertation.
The N2 present in the second plasma of Recipe 1a,b aids the striking of the H2 plasma.
Chapter 6’s depositions used Recipe 1a for temperatures 180◦C, 200◦C, and 300◦C,
96
Recipe 1b for temperatures 40◦C and 90◦C, and Recipe 3 for the 800 cycles at 300◦C
sample featured in Figure 6.1b. Longer precursor and plasma gas purge times were al-
lowed for lower temperature depositions to ensure reactant removal before the following
stage was introduced.
Recipe 1a Recipe 1b Recipe 2 Recipe 3 Cleaning
PRECURSOR
Dosage (s) 0.8 0.8 0.8 0.8
Pressure (mTorr) 40 40 40 40
Purge (s) 3 8 3 3
PLASMA 1
Gas(es) N2 N2 N2, H2 N2 O2, SF6
Flow rate (sccm) 40 40 20, 20 40 60, 40
Pressure (mTorr) 10 10 10 10 20
Time (s) 10 10 30 30 10 minutes
Purge (s) 3 5 3 3 2 minutes
PLASMA 2
Gas(es) N2, H2 N2, H2 H2
Flow rate (sccm) 3, 50 3, 50 40
Pressure (mTorr) 10 10 10
Time (s) 30 30 10
Purge (s) 3 5 3
Table A.1: Deposition recipes. Deposition recipes for the films discussed in this
dissertation. A cleaning recipe is also included.
A PEALD recipe for titanium nitride without hydrogen was also attempted with
very poor material resulting. Carbon is the most significant contaminant restricting the
conductive and plasmonic properties of the titanium nitride, and the [(CH3)N] ligands
on the TDMAT precursor need the hydrogen in order to assist their removal. Use of a
precursor such as TiCl4 is ideal for removing the possibility of carbon contamination;
however, halogen precursors have reactive tendencies with metal-organic precursors,
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and so it is best to not mix them in the same tool to prevent dirtying of the precursor
delivery lines.33,136
Typical Flexal base pressures at 300◦C were in the low 10−6 Torr and decreasing to
the low to mid 10−7 Torr for process temperatures as low as 40◦C.
A.4 Stable Plasma-enhanced Atomic Layer Deposition of
Nitrides
Use of atomic layer deposited nitride materials for industrial applications requires pro-
cess predictability and stability. This section offers some pointers and lessons learned
in order to achieve process reliability and stability and the highest quality conductive
nitrides possible with a given tool and operating constraints.
As was discussed at the end of Chapter 5.3, depositing nitrides in a tool shared
with oxide deposition is not ideal. Specifically the deposition of more volatile oxides
such as CoOx, WOx, and MoOx can cause significant problems for subsequent nitride
deposition if not handled properly. Problems include the contamination of oxygen in
the nitride films and (hydrogen) plasma instability (and therefore process instability).
These problems can be mitigated with incorporating two processing changes in recipe
deposition and pre/post deposition cleaning.
Because PEALD is dependent on a plasma for processing, careful attention should
be paid to the plasma tube and its condition throughout tool use (Figure A.1). PEALD
tools such as the Oxford Flexal used in this work incorporate a mechanical valve that
can be used to isolate the plasma tube from the deposition chamber during precursor
dosage. This valve must be opened after precursor purge in order to allow gas flow
through the chamber and the desired plasma interaction during the second stage of
each cycle. Unfortunately, this mechanical valve is often not adequate and still allows
deposition on the inside of the plasma tube. When volatile oxides are deposited on the
inside of the plasma tube, the hydrogen plasma in the titanium nitride recipes breaks
them down. Increased amounts of reactive oxygen are now present in the chamber and
end up in the nitride film. A conductive metal film now also resides on the inside of
the plasma tube and can “short” out the hydrogen plasma. The same “shorting” effect
can also occur as a result of the conductive titanium nitride being deposited inside the
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tube.
Figure A.1: A view inside the PEALD chamber and its plasma tube. (a) During
the deposition process, the precursor is introduced through the holes at the chamber
corners and the entire inside of the PEALD is coated in material. (b) The plasma tube
is located above the deposition chamber and can be isolated from the precursor using
a mechanical valve or gas flow. (c) Use of a mechanical valve for plasma tube isolation
still allows some material deposition inside the plasma tube.
In order to resolve these issues, conversations were had with Oxford and the following
solutions were applied:
• Instead of using the mechanical valve for plasma tube - chamber isolation, leave
the valve open for all precursor dosages and instead flow an inert gas such as Ar or
N2 through the plasma tube and into the chamber. Flow rates of ∼100 sccm were
found to be sufficient. Note that these gases, even the nitrogen, are not reactive
with the substrate when there is no plasma.
• Incorporate a plasma cleaning process using SF6 between depositions. A recipe is
included in Table A.1.
The SF6 plasma is useful for removing much of whatever may have previously been
deposited inside the plasma tube and somewhat in the chamber as well. Running the
plasma for 10 minutes before beginning a titanium nitride deposition was found to be
adequate. It is also essential to continue using the 10 minute plasma clean between
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each separate titanium nitride deposition of ∼300 cycles. Less time is appropriate for
thinner films, and more may be necessary for thicker films. Running several 300 cycle
depositions separated by only 5 minutes of SF6 plasma cleaning was not adequate and
did adversely effect the stability of the third or fourth titanium nitride deposition. It is
helpful if other researchers running the volatile oxides in the same chamber also follow
up their work with an SF6 plasma clean. In addition, the SF6 plasma may cause a delay
in film nucleation above the 8-12 cycles necessary without the cleaning. This should be
taken into account when depositing ultrathin (<10 nm).
A.5 Annealing Experimentation
Anneals were performed in a glass tube furnace (ThermoFisher Scientific Lindberg Blue
M, 1” tube, 1100◦C max), where the tube ends, gas attachments, and glass slide sample
holder were first cleaned with IPA. pumped to ∼1.5 × 10−1 Torr and purged by filling
the tube with argon (twice) before flowing 250 sccm Ar and 20 sccm H2 through the
argon filled tube. After the first pump down, a leak check was performed by isolating the
pump from the tube and confirming that the tube’s connections to the gas flow did not
contain leaks. The furnace temperature was ramped from room temperature (∼20◦C)
to the annealing temperature as fast as possible (∼10’s of minutes), annealed for one
hour, and then cooled. The hydrogen gas flow was stopped only once the samples were
cool enough to remove from the furnace (≤80-100◦C). Samples of different deposition
temperatures were annealed simultaneously under the same annealing conditions and
always in the same order along the direction of gas flow through the tube.
A.6 Opal Synthesis
Quartz substrates (1 mm thick, purchased from VWR) were cleaved into 1 × 2 cm2
pieces and cleaned using the following procedure: 1) sonication in an Alconox/deionized
(DI) water solution for 15 minutes, 2) followed by sonication in pure DI water for 15
minutes, 3) and sonication in a 1:1:1 acetone:ethanol:DI water solution for 15 minutes.
Finally, the substrates were plasma treated in air for ∼5 min. Care was taken between
each step to inspect each substrate and remove any dust particles via nitrogen stream.
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Non-functionalized 390 nm polystyrene (PS) beads (25 mg/mL in DI water) were
purchased from Bangs Labs.
The slow-evaporation deposition of the PS bead opal templates is described in detail
in a recent publication.131 In brief, 390 nm PS bead solutions were diluted to 0.1 v/v%
using MilliporeR© water (18.2 MΩ cm, at 25◦C). A few drops of a 1% solution of TritonX
were added (3 drops / 8 mL). The solution was sonicated for 15 minutes just before
deposition. The substrates were each set in a small vial (1.5 cm diameter and 4.5 cm
height) tilted at a 60◦C angle (where 0◦C is flat horizontal). 1.5 mL of the PS bead
solution was carefully dispensed into the vials. The vials were arranged in a 4 4 grid
on a hotplate for a total of 16 vials. A crystallization dish (15.0 cm diameter and 7.5
cm height) was used to cover the hotplate. Filter paper was taped to the bottom of the
dish to protect the vials from condensation. The hotplate was then set to 50◦C. The
humidity and evaporation rate were reproduced by always keeping a constant amount of
water in the enclosed system. After the deposition, the films were immersed in ethanol
for 1 hour, and then removed and carefully dried from the back side of the substrate
using a gentle stream of nitrogen. The films were then annealed on a hotplate at 90◦C
for 10 minutes.
Appendix B
Supporting Information
This appendix contains the supplemental information not included in the main stories
for the HAMR characterization techniques presented in Chapters 3 and 4
B.1 Predicting sSNOM
This supporting information contains additional modeled near-field mappings as well as
other graphs to more fully show how the modeled results change with different values
used for the input parameters (tip radius, distance of closest approach DCA) and
support paper conclusions.
B.1.1 Additional Mappings for the Parameters Chosen in the Main
Text (15 nm radius, 8 nm DCA)
Figure B.1: Complete harmonics for Figure 3.6. (Next 3 pages.) The set of six
harmonic mappings complementary to Figure 3.6 where only 1ω0 and 6ω0 were given.
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B.1.2 Figures for Observing Trends in the Maximums of Each Map-
ping as a Function of DCA Height, Tip Radius, and Harmonic
Figure B.2: Maximum intensity decay with DCA and harmonic. The decay
relationship of the maximum intensity of each mapping as a function of both DCA
height and harmonic. Faster decay is observed for higher DCAs as well as for higher
harmonics.
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Figure B.3: Maximum intensities vs. tip radius. The maximum of each mapping
as a function of modeled tip radius plotted for only the 1ω0 but representative of all
harmonics.
B.1.3 Near-field Mappings for Other Modeled Tip Radii
Figure B.4: Harmonics for a 20 nm tip radius. (Next page.) The modeled 1ω0 and
6ω0 for a 20 nm tip radius. A tip radius of this size was determined to be too large to
fit the experimentally measured data. The near-field mappings generated by the model
for the 6ω0 do not show a bifurcation in the shape of the near-field spot as is seen in
the experimental data. This is because the top-hat shaped tip with a 20 nm radius is
now comparable in size to the plasmonic antenna and its near-field spot. The tip simply
scatters the field from the two corner spots out across the whole antenna as it scans
over, which smears out the observed response.
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Figure B.5: Harmonics for a 10 nm tip radius. The modeled 1ω0 and 6ω0 for a 10
nm tip radius. This modeled tip radius together with a DCA of 16 nm shows reasonable
agreement with the experimental data; however, based on AFM mechanics, we believed
that this DCA was too large to be a reasonable estimate for our experimental conditions.
Additional mappings for all harmonics modeled from this condition are in Figure B.6.
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Figure B.6: Harmonics for a 10 nm tip radius and 16 nm DCA. All six modeled
harmonic mappings for the 10 nm tip radius and 16 nm DCA condition.
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Figure B.7: Harmonics for a 10 nm tip radius. The modeled 1ω0 and 6ω0 for a 5
nm tip radius.
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B.1.4 Near-field Mappings for Other Modeled Distances of Closest
Approach
Figure B.8: Harmonics for a 4 nm DCA. A modeled 4 nm tip DCA shows the spot
bifurcation in the 1ω0 with the 15 nm tip radius, which is not in agreement with the
experimental data and the AFM mechanical expectations.
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Figure B.9: Harmonics for a 12 nm DCA. A modeled 12 nm tip DCA does not
show enough spot bifurcation in the 6ω0 with the 15 nm tip radius, and it shows too
much in the 1ω0 with the 10 nm tip radius.
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B.1.5 Simulated Electric Field Intensity
Figure B.10: Simulated electric field intensity. Simulated electric field intensity
in discrete planes above the air-bearing surface (ABS) help us observe which regions
play dominant roles in each harmonic mapped by the sSNOM model as well as the
experimental sSNOM measurements. Maps are labeled with their height above the
ABS.
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Figure B.11: Maximum electric field intensities of the maps in Figure B.10
over the entire 400 nm × 400 nm region. At a height of ∼50 nm above the ABS,
the maximum electric field intensity region shifts from over the “notch” region of the
plasmonic antenna to over the side of the “E” shaped antenna as is evident in Figure
S10. This effect is seen in the 10 of the experimental data, and to some degree in the
modeled data as well, although it is not as evident in the specific condition (15 nm tip
radius, 8 nm DCA) presented in the main text.
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Figure B.12: Maximum electric field intensities of the maps in Figure B.10
over the center region (over the notch that generates the main near-field
spot). The same sharp transition at ∼50 nm above the ABS is not as evident as in
Figure B.11 (over the entire map shown); however, the decay trend still alters.
B.2 Bidirectional Characterization
This supplementary information contains schematics and full data sets for the two tech-
niques discussed in the main text.
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Figure B.13: Schematics comparing hard disk drive write head profiles.
(a) for standard perpendicular magnetic recording and (b) for next-generation heat-
assisted magnetic recording, which incorporates many additional elements including a
waveguide-coupled plasmonic antenna.
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B.2.1 SEM-CL
Figure B.14: HAMR head on a fiber for SEM-CL. Large-scale scanning electron
microscopy (SEM) image of a heat-assisted magnetic recording (HAMR) head mounted
on an optical fiber for cathodoluminescence (CL) imaging.
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Figure B.15: Mounting schematic for SEM-CL experiments. An entire rowbar
(a set of many of many HAMR heads not yet cut apart post fabrication) was mounted
into the SEM holder.
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Figure B.16: Detection schematic of the SEM-CL signal.
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Figure B.17: The complete set of recorded SEM-CL mappings over 20 nm
wavelength windows as in Figure ??. The evanescent near-field is confined to the
notch region for wavelengths 665-760 nm.
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B.2.2 sSNOM
Figure B.18: Schematic of the heat-assisted magnetic recording (HAMR)
heads as imaged by the AIST-NT sSNOM system. A side profile of (a) a
HAMR head and (b) the sSNOM system, including the layout of the scanned surface of
the HAMR head. (c) Camera views from the side (left) and bottom (right) objectives
of the sSNOM system. When the AFM tip was positioned over the antenna, each ob-
jective would be piezo scanned to allow for precise alignment of the laser light through
the waveguide and to the antenna. Images would be collected from the objective scans
to determine the precise position necessary for optimal alignment. Adapted from CITE
PAPER HERE.
830 nm Laser Excitation
Figure B.19: Complete harmonics for 830 nm illumination. The full set of sSNOM
data taken with 830 nm laser light with harmonics 1ω0 to 6ω0 and polarizations from
−100◦ to +100◦.
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Figure B.20: Maximum intensities of all 830 nm near-field maps in Figure
B.19. The data is plotted along with an expected intensity curve following a cos2(θ)
law.
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Figure B.21: Maximum intensity vs. harmonic with 830 nm laser excitation.
At 0◦ polarization.
633 nm Laser Excitation
Figure B.22: Complete harmonics for 633 nm illumination. The full set of sSNOM
data taken with 633 nm laser light with harmonics 1ω0 to 6ω0 and polarizations from
−100◦ to +100◦.
127
128
129
130
Figure B.23: Maximum intensities of all 633 nm near-field maps in Figure
B.22. The data is plotted along with an expected intensity curve following a cos2(θ)
law.
131
1 2 3 4 5 6
Harmonic
3.0
3.5
4.0
4.5
5.0
5.5
6.0
6.5
7.0
lo
g(
|m
ax
 F
FT
(E
2
)|)
Figure B.24: Maximum intensity vs. harmonic with 633 nm laser excitation.
At 0◦ polarization.
Appendix C
Common Acronyms
A table of common acronyms used in this dissertation and their meaning.
C.1 Acronyms
Table C.1: Acronyms
Acronym Meaning
ABS air-bearing surface
AES Auger electron spectroscopy
AFM atomic force microscopy
ALD atomic layer deposition
CL cathodoluminescence
CMOS complement metal-oxide-semiconductor
DCA distance of closest approach
FOM figure of merit
FPP four-point probe
HAMR heat-assisted magnetic recording
HDD hard disk drive
MSE mean square error
PEALD plasma-enhanced atomic layer deposition
Continued on next page
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Table C.1 – continued from previous page
Acronym Meaning
PS polystyrene
SE spectroscopic ellipsometry
SEM scanning electron microscopy
SEM-CL scanning electron microscopy cathodoluminescence
sSNOM scattering scanning near-field optical microscopy
TDMAT tetrakis(dimethylamino)titanium
TEM transmission electron microscopy
VASE variable angle spectroscopic ellipsometry
